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This dissertation describes the electronic transport properties of holes in tungsten diselenide
(WSe2), a prototypical transition metal dichalcogenide (TMD) material, probed using low-
temperature magnetotransport measurements, and facilitated by a device structure with
platinum (Pt) bottom-contacts and hexagonal boron nitride (h-BN) encapsulation.
The discovery of graphene has stimulated an intense interest in exploration of
materials with stable two-dimensional allotropes, TMDs being one of them. Of the myriad
variety of TMDs, sulfides and selenides of molybdenum and tungsten have garnered great
attention on account of their semiconducting nature. A major roadblock to investigation of
TMDs’ electronic transport properties has been the poor quality of electrical contacts.
The top-gated device structure with Pt bottom-electrodes presented in this disser-
tation ensures Ohmic hole contacts to WSe2 down to a temperature of 0.3 K and permits
low-temperature magnetotransport measurements. Encapsulating WSe2 in h-BN preserves
its intrinsic quality, resulting in high hole mobilities at low-temperatures, and thereby en-
abling observation of Shubnikov–deHaas (SdH) oscillations and quantumHall states (QHS)
in perpendicular magnetic fields. Analysis of the SdH oscillations in monolayer and bilayer
WSe2 reveals two-fold degenerate Landau levels and a hole effective mass of 0.45me; me
is the free electron mass. Bilayer data also show carrier localization in the two layers
signifying weak interlayer coupling, and negative compressibility of holes in the bottom
layer. The QHS data reveal interesting transitions between even and odd filling factors as
the hole density is tuned, which can be explained by a Zeeman-to-cyclotron energy ratio
that changes as a function of density due to strong electron-electron interactions. Tilted
magnetic field measurements reveal that the holes reside in the K valleys, as evinced by
their spins which are locked perpendicular to the WSe2 plane.
In trilayer WSe2, holes are found to populate two subbands with different effective
masses, 0.5me and 1.2me, associated with the K and Γ valleys, respectively. At a fixed total
hole density, the K and Γ occupations are tunable via an applied transverse electric field, an
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At low-temperatures, andwhen subject to a strong perpendicularmagnetic field, two-
dimensional electron systems (2DESs) display awealth of fascinating electronic phenomena,
a notable example of which is the integer quantum Hall effect [1]. Even in the absence of a
magnetic field, when disorder is sufficiently low, carriers in a 2DES are expected to display
interesting correlated quantum electronic phases such as the Wigner crystal [2]. In addition
to hosting several such interesting electronic phenomena, 2DESs are a powerful platform
to study the electronic transport properties of materials.
Traditionally studied 2DESs [3] are based on semiconductors such as gallium ar-
senide (GaAs), aluminum arsenide (AlAs), silicon (Si), etc., which are synthesized using
molecular beam epitaxy (MBE) growth techniques. Improving the quality of the materials
hosting the 2DESs has been at the forefront of 2DES research, aimed at reducing disorder,
and expanding the horizon of accessible quantum electronic phases. A second direction of
research has been the exploration of new 2DES host material systems such as graphene [4],
topological insulators [5], oxide interfaces [6], etc., each with their own unique properties
and differences with traditional semiconductor 2DESs.
A pioneering discovery in the search for alternate 2DES host materials was the
isolation of graphene [7], a monolayer of carbon atoms arranged in a honeycomb lattice.
Graphene 2DESs have played host to a plethora of exotic electronic phenomena, and have
triggered an intense interest in exploration of other materials with stable two-dimensional
(2D) allotropes, notable examples of which are transition metal dichalcogenides (TMDs)
[8], black phosphorus [9], indium selenide [10], etc.
Transition metal dichalcogenides can be synthesized down to a monolayer thickness,
similar to graphene, and occur in myriad chemical compositions, among which, sulfides
and selenides of molybdenum and tungsten have garnered great attention on account of
their semiconducting nature. This dissertation describes the electronic transport properties
of holes in tungsten diselenide (WSe2), a prototypical TMD material, probed using low-
temperaturemagnetotransportmeasurements. The following sections of this chapter present
an overview of 2DESs, electron-electron interaction effects in 2DESs, and a review of the
basic material properties of TMDs.
1
1.1 Two-Dimensional Electron Systems
Restricting the electron motion in a solid to two spatial dimensions provides a
versatile platform to study their many interesting phases. At high-temperatures, and in the
absence of interactions, where Boltzmann statistics prevail, electrons or holes in a 2DES
can be treated as a gas. At low-temperatures, and in the limit of low-disorder, they can be
treated as a liquid, referred to as a Fermi liquid, where electron-electron interaction effects
play a significant role in determining the 2DES’s electronic properties [11]. When Coulomb
interactions become sufficiently strong, electrons or holes can also condense into a lattice,
effectively behaving as a solid, known as a Wigner crystal [2].
Furthermore, application of a magnetic field provides an extra knob to increase
the strength of interactions in a 2DES, and access interesting phases such as the integer
and fractional quantum Hall liquids [1, 12] and magnetically induced Wigner crystals
[13, 14, 15]. Uncovering these fascinating phases of electrons has been a topic of intense
interest, being investigated in several material systems. Two-dimensional electron systems
have been the vehicle of choice for a majority of these experiments, thanks to the ability to
fabricate these systems with reduced disorder, and the ability to tune the electron or hole
densities in order to access the multitude of electronic phases they can potentially host [3].
Figure 1.1 shows schematic representations of three different structures used to
realize 2DESs. Figure 1.1(a) shows a metal-oxide-semiconductor field-effect transistor
(MOSFET) structure where charge carriers are accumulated at the interface of a host
semiconductor, e.g., Si, with an insulator, e.g., silicon dioxide (SiO2) by field-effect from
a metal gate. One of the major drawback of Si MOSFETs is the roughness at the Si–SiO2
interface due to the amorphous nature of SiO2 which causes disorder in the 2DES [16].
The heterostructure 2DES of Fig. 1.1(b) solves this problem by inducing the 2DES
at the interface of a host semiconductor e.g., GaAs, and an epitaxially grown barrier layer,
e.g., aluminum gallium arsenide (AlGaAs), by a dopant layer, e.g., Si, away from the 2DES
interface. Adding metal gates further allows tuning of the 2DES density. This system has
a smoother interface since both the barrier and host semiconductors are crystalline, and
results in a 2DES with reduced disorder.
Figure 1.1(c) shows the schematic of a 2DES hosted by a layered semiconductor
monolayer. The 2DESs hosted by layered semiconductors differ in several ways from
traditional 2DESs based on Si or GaAs. The 2DES in a layered semiconductor monolayer
is truly 2D, unlike in traditional 2DESs which are only quasi-2D due to a finite width
(5 − 50 nm) in the third dimension [4]. The absence of surface dangling bonds in layered
semiconductors is expected to reduce extrinsic disorder from the interface, and result in




























Figure 1.1: (a) A 2DES at the interface of an insulator and a host semiconductor, induced through
field-effect from a metal gate. (b) A 2DES at the interface between two semiconductors, induced
by a dopant layer in the barrier semiconductor. (c) A 2DES in a layered semiconductor monolayer,
induced through field-effect from a metal gate. Ecb and Evb denote the conduction and valence band
edges, respectively, EF the Fermi level, and Vg the gate voltage. Adapted, in part, from Ref. [4].
Thanks to the lack of surface dangling bonds, layered semiconductors do not have
any fundamental material constraints on the substrate and superstrate insulators which
encapsulate them. Therefore, in principle, it is possible to choose a low dielectric constant
encapsulant which can enhance the strength of electron-electron interactions in the 2DES,
and facilitate observation of novel correlated electronic phenomena [17]. The following
section describes why a low dielectric constant is favorable for enhanced electron-electron
interactions.
1.1.1 Electron-Electron Interactions in 2DESs





where p̂ is the canonical momentum operator and me is the electron mass. When an electron
moves in a 2DES, it experiences Coulomb forces from the positively charged atomic nuclei
which influence its motion. This effect can be approximated by treating the electron as a
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quasiparticle having an effective mass (m∗) different from me. The Hamiltonian in this case





Practical 2DESs, however, have many electrons which can also interact with each
other, an effect which is neglected by the effective mass Hamiltonian of Eq. 1.2. Coulomb












|ri − r j |
(1.3)
where the indices i, j denote the number of electrons in the system, r denotes the individual
electron position, e is the electron charge, and ε is the dielectric constant of the medium
surrounding the 2DES. The second term in Eq. 1.3 denotes the Coulomb interactions
between all pairs of electrons residing in the 2DES. The average distance between electrons
in a 2DES, 〈r〉, is given by 1/
√
πn, where n is the areal density of electrons. The average
Coulomb energy per electron due to interactions with other electrons in the 2DES, EC, can















using a 2D density of states, m∗/π~2; ~ is the reduced Planck constant. It is instructive
to evaluate the ratio of the Coulomb energy to the kinetic energy to judge the strength of















where a∗B = 4πε~
2/m∗e2 is the effective Bohr radius, i.e., the Bohr radius in a medium with
an electron effective mass of m∗ and a dielectric constant of ε . The interaction parameter,
1For simplicity, it is assumed that the quasiparticle resides in the conduction band of a 2DES with a
parabolic energy dispersion.
2It is assumed that the temperature (T) is sufficiently low, i.e., kBT  EF; kB is the Boltzmann constant.
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rs, is larger at lower densities, i.e., when the electrons are further apart from each other.
Furthermore, interaction effects are expected to be stronger in 2DESs with small a∗B values,
i.e., large effective masses and media with low dielectric constants.
In essence, interaction effects dominate under the following set of conditions: (i)
at low carrier densities, where the Coulomb interaction energy of the particles makes
up a majority of their total energy [Eq. 1.6], (ii) for heavy carriers, which, by virtue
of having a smaller Fermi (kinetic) energy [Eq. 1.5], are therefore, subject to increased
Coulomb interactions from adjacent carriers, and (iii) a low dielectric constant of the
medium surrounding the 2DES, which increases the Coulomb interactions by virtue of
reduced electrostatic screening [Eq. 1.4] between adjacent carriers.
One of the primary directions of research in 2DESs has therefore been to explore
novel material systems which possess heavy carriers, and which can be embedded in low
dielectric constant surroundings. Examples of 2DESs with heavy carriers include holes in
GaAs [3], electrons in AlAs [18], and electrons at polar oxide interfaces [6]. The lower
limit of densities below which interaction effects are no longer manifested is determined by
the amount of disorder in the 2DES, which causes strong localization of charge carriers and
a consequent insulating behavior [19].
The ground state of a 2DES in the absence of magnetic field is therefore determined
by the relative strength of disorder and interactions. Figure 1.2 shows a possible ground
state phase diagram of a 2DES as a function of carrier density (∝ 1/r2s ) and disorder [20]. In
the limit of high-disorder, the ground state is an Anderson insulator, where the carriers are
localized and the 2DES becomes insulating [19]. However, when the disorder is sufficiently
small, interaction effects become significant and can lead to correlated ground states.
In the weakly interacting regime, i.e., high densities and small rs values, carriers in a
2DESbehave like a paramagnetic Fermi liquid, characterized by an interaction-renormalized
spin susceptibility. In the limit of strong interactions, i.e., low densities and large rs values,
the electrons are expected to form a Wigner crystal, possessing both spatial and spin order
[17]. Numerical calculations employing quantum Monte Carlo (QMC) algorithms predict
a Wigner crystal to form when rs ' 35 [21]. For intermediate rs values, i.e., 26 / rs / 35,
QMC calculations predict a ferromagnetic Fermi liquid as the ground state. Experimentally,
rs values larger than 35 have been reported in 2DESs, e.g., GaAs 2D holes [22, 23]; however,
evidence for the Wigner crystal phase from these studies was inconclusive [24].
To date, there exists no compelling experimental evidence of the Wigner crystal and
ferromagnetic Fermi liquid phases in a 2DES in zero magnetic field. Of the multitude of

















Figure 1.2: Possible ground state phase diagram of a 2DES in zero magnetic field. The phase
transitions at zero disorder are substantiated by QMC calculations [21], but the exact phase diagram
and specifics of the transitions in the presence of disorder are unknown. Adapted from Ref. [20].
electronic phases can be attributed to their intrinsic 2D nature, and more importantly, to
their large effective mass carriers, the details of which are discussed in the following section.
1.2 Transition Metal Dichalcogenides
Transition metal dichalcogenides are layered materials with the chemical formula
MX2, where M is a transition metal and X is a chalcogen. They occur in myriad chemical
compositions thanks to the large assortment of transition metals, and can be isolated down
to a monolayer using the same techniques used to synthesize graphene. One of the earliest
studied TMDs was molybdenite, the mineral form of molybdenum disulfide (MoS2), which
was found to occur in hexagonal crystals and show easy cleavage, similar to graphite [25].
The physical and electrical properties of bulk TMDs were studied extensively in the
last century, thanks to interest in their use as solid lubricants and photovoltaics, among others
[26, 27, & references therein]. The recent wave of resurgence is motivated by the ability to
synthesize them in monolayer and few-layer forms which possess properties very different
from their bulk counterparts [28], and the ability to engineer complex heterostructures by
stacking several different TMDs and other layered semiconductors on top of each other [29].
The TMD crystal structure consists of X–M–X atomic trilayers, in which an M
atom layer is enclosed within two X atom layers. The individual MX2 layers are stacked
on top of each other through weak interlayer van der Waals (vdW) bonding, which allows
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cleavage along the interlayer planes. The specific geometry of the X–M–X bonding and
stacking sequence of theMX2 layers leads to various allotropic forms, of which, the trigonal
prismatic form, also known as the 2H polytype is pertinent to this dissertation.
The sulfides and selenides of molybdenum and tungsten in the 2H phase possess
sizable (1 − 2 eV) bandgaps, and have received the most attention on account of their
semiconducting nature. Figure 1.3 shows schematic representations of the 2H-TMD crystal
lattice along the in-plane and out-of-plane directions. TheM atoms have a trigonal prismatic
coordination with respect to the X atoms within a layer, and the M atoms of one MX2 layer
reside on top of the X atoms of the next layer, and vice versa. Each MX2 layer forms a
2D honeycomb lattice when viewed from the out-of-plane direction. The spacing between
layers is 6 − 7 Å and the M–X bond length 2.4 − 2.5 Å [27].
= M
= X
Figure 1.3: Schematic representations of the 2H-TMD [MX2] crystal lattice viewed along the
in-plane (left) and out-of-plane (right) directions.
Figure 1.4(a) shows the first Brillouin zone of the bulk 2H-TMD lattice along
with its high-symmetry points and Fig. 1.4(b) shows the schematic bandstructure of bulk
2H-WSe2. Bulk 2H-WSe2 possesses an indirect electronic bandgap of ≈ 1.2 eV at room
temperature [30] with the valence band maximum at the Brillouin zone center, Γ, and the
conduction band minimum at 55% of the Γ−K distance [31]. Noteworthy, there also exists
a valence band maximum at K , close in energy, but lower than the maximum at Γ. A
second noteworthy feature, which is of significance when thinned down to a monolayer,
is the splitting of both the conduction and valence bands at K due to effects of spin–orbit
interaction arising from the tungsten d-orbitals.
An interesting characteristic of the TMD electronic bandstructure is the changes
it undergoes when the TMD thickness is reduced to a monolayer.3 First, the Brillouin
3All references to TMD(s) and WSe2 in this dissertation pertain only to the 2H polytypes. The 2H prefix
















Bandgap ≈ 1.2 eV
Bulk 2H-WSe2
Figure 1.4: (a) Schematic of the first Brillouin zone of bulk 2H-TMDs. The high-symmetry points
are labeled. (b) Bandstructure of bulk 2H-WSe2 showing the two lowest conduction bands and the
two highest valence bands. Adapted from Ref. [31].
zone collapses into a 2D hexagon as shown in Fig. 1.5. Second, there is a loss of inversion
symmetry in themonolayer lattice due to the trigonal prismatic coordination of the chalcogen
atoms with the metal atom within a layer.4 A consequence of inversion symmetry breaking
and the strong spin–orbit interaction present in the material is a breaking of the spin-
degeneracy of the valence and conduction bands along the Γ − K direction [32]. This
is reminiscent of the spin–orbit interaction-induced band splitting at the K points in bulk
WSe2, but with the addition of inversion symmetry breaking in the monolayer, results in
the electron-spin being coupled to each of the two valence bands at the K and K′ points,
i.e., spin-↑ in the upper valence band and and spin-↓ in the lower valence band at K , and
vice versa at K′ [33], as shown in Fig. 1.5.
Another interesting feature of the monolayer TMDs’ bandstructure is the locations
of the conduction and valence band extrema, which now occur at the K and K′ points of the
Brillouin zone [Fig. 1.5]. Monolayer TMDs are therefore direct bandgap semiconductors
with peculiar spin-valley locked band extrema.5 Figure 1.6(a) shows the room temperature
photoluminescence (PL) spectra of monolayer molybdenum diselenide (MoSe2), WSe2,
MoS2, and tungsten disulfide (WS2), each of which show sharp peaks at values characteristic
of each material’s direct bandgap.6
4Inversion symmetry is broken in all odd number-of-layers TMD films and preserved in even number-of-
layers films.
5The conduction bands also possess spin-valley locking, but with a much smaller spin-splitting due to the
lower magnitude of spin–orbit interaction in the conduction band [32].
6The peak positions are indicative of the optical bandgap which is different from the electronic bandgap









Figure 1.5: Schematic of the monolayer 2H-TMD Brillouin zone and bandstructure at the K and K ′
points. Adapted from Ref. [33].
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Figure 1.6: (a) PL spectra of exfoliated monolayer MoSe2, WSe2, MoS2, and WS2. (b) PL spectra
of WSe2 as a function of number-of-layers. Bulk WSe2 is more than ten-layers thick. The spectra
were obtained using 532 nm wavelength excitation at room temperature.
The variation of the TMDs’ bandstructure between the monolayer and bulk limits
is not sudden, but happens gradually with varying layer number. For example, Fig. 1.6(b)
shows the PL spectra of WSe2 for different number-of-layers from one to four, and bulk
WSe2, where the peak positions and shapes are indicative of their bandstructures. While
the monolayer spectrum shows a single sharp peak, the spectra shapes get more complex
and the peak positions shift to lower energies, i.e., lower bandgaps with increasing number-
of-layers. This variation stems from the layer-number-dependent bandstructure of WSe2
[35], and other TMDs, where optical transitions from multiple valleys contribute to the PL
9
spectra.
From the standpoint of 2DESs, an appealing feature of TMDs is their large effective
mass carriers. Table 1.1 summarizes the effective masses for electrons (m∗e) and holes (m∗h)
at the K valley extrema for monolayers of MoS2, MoSe2, WS2, and WSe2, calculated using
density functional theory (DFT) calculations [36]. The heavy carriers in TMDs are expected
to amplify electron-electron interaction effects even at relatively large carrier densities.
Table 1.1: Calculated carrier effective masses in select TMD monolayers from Ref. [36].





A vital ingredient in fabricating TMD based 2DESs is an appropriate dielectric
mediumwith a sufficiently low dielectric constant to enhance electron-electron interactions,
while more importantly providing dielectric integrity, and clean interfaces in order to reduce
extrinsic disorder. Hexagonal boron nitride (h-BN) is a layered material with a honeycomb
lattice similar to graphene, and has been the dielectric of choice for high-quality graphene
2DESs [37], thanks to its atomically flat surface free of dangling bonds. Themoderately low
effective dielectric constants along the in-plane (κ⊥h-BN = 6.9) and out-of-plane (κ
| |
h-BN = 3.0)
directions [38, Appendix C], a bandgap of 6.0 eV [39], and a high dielectric breakdown
strength of 1.0 V/nm [40] make h-BN the dielectric of choice for integration with TMDs.
Another avenue of research where TMDs have attracted considerable attention is in
the field of semiconductor devices, e.g., field-effect transistors (FETs). The ever increasing
complexity in continued scaling of semiconductor devices [41, 42] has prompted an intense
interest in alternate materials and device concepts [43, 44]. Layered semiconductors such
as TMDs are expected to offer several advantages over conventional three-dimensional (3D)
semiconductors such as Si, thanks to the possibility of obtaining devices with ultrathin
bodies down to the monolayer limit and atomically sharp interfaces [45].
A prerequisite for high-quality semiconductor devices, and also for electrical trans-
port characterization of 2DESs is the existence of low-resistance Ohmic electrical contacts.
The large bandgaps of TMDs make it non-trivial to create low-resistance Ohmic contacts,
especially at low-temperatures. The moderate charge carrier mobilities, and lack of low-
temperature-compatible electrical contacts have prevented systematic electrical transport
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experiments in TMDs. The work presented in this dissertation started with a goal to de-
velop Ohmic contacts to the valence band of WSe2, and having found a reliable contact
strategy, evolved into a study of the magnetotransport properties of holes in WSe2.
1.3 Dissertation Outline
Chapter 2 outlines the challenges in making Ohmic contacts to TMDs, and dis-
cusses a device strategy employing platinum bottom-contacts and an h-BN top-gate di-
electric to achieve Ohmic hole contacts to WSe2. The contacts stay Ohmic down to a
temperature of 2 K, where the hole mobilities approach 4000 cm2/Vs in three/four-layer
WSe2. Temperature-dependent mobility measurements indicate phonon scattering at high-
temperatures and Coulomb scattering, or defects at low-temperatures to be the dominant
mobility limiting mechanisms affecting hole transport.
Chapter 3 begins with an overview of the classical and quantum Hall effects in
2DESs and continues to discuss magnetotransport measurements of holes in monolayer and
bilayer WSe2 Hall bar devices, which display Shubnikov–de Haas (SdH) oscillations and
quantum Hall states (QHS) in high perpendicular magnetic fields. A Fourier analysis of
the SdH oscillations reveals two-fold degenerate Landau levels (LLs) and a hole effective
mass of 0.45me in both monolayer and bilayer WSe2. The bilayer data also show carrier
localization in the two constituent layers, signifying weak interlayer coupling and negative
compressibility of holes in the bottom layer.
Chapter 4 continues with a discussion of the quantum Hall states in monolayer and
bilayer WSe2. The QHS reveal interesting transitions between even and odd filling factors
as the hole density is tuned, which can be explained by a Zeeman-to-cyclotron energy ratio
that changes as a function of density due to strong electron-electron interactions. Tilted
magnetic field measurements reveal that the hole-spin is locked perpendicular to the WSe2
plane, indicating that the holes reside in the K valleys in both monolayer and bilayer WSe2.
Chapter 5 discusses magnetotransport measurements in trilayer WSe2 which reveal
holes populating two subbands with different effective masses, 0.5me and 1.2me, associated
with the K and Γ valleys, respectively. At a fixed total hole density, the K and Γ occupations
can be tuned by an applied electric field, with Γ and K being the lowest energy states at
low and high electric fields, respectively. Ab initio calculations support these findings and
explain the shift of the valence band maxima with increasing electric field.
Chapter 6 summarizes the findings of the dissertation, and discusses the appeal of
TMDs in comparison to other 2DES host materials for exploring novel quantum electronic
phenomena. Finally, possible directions for future work are discussed.
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Appendix A lists the WSe2 samples whose data is presented in this dissertation,
and Appendix B describes the fabrication techniques used to assemble them. Appendix C
describes the measurement of the out-of-plane effective dielectric constant of the h-BN top-
gate dielectrics used in the WSe2 samples. Appendix D lists the symbols and Appendix E
the acronyms used in this dissertation.
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Chapter 2
High-Mobility Holes in WSe2 Field-Effect Transistors
The most commonly used device for electrical characterization of TMDs is a field-
effect transistor (FET). Properties such as the TMD carrier type and mobility can be easily
obtained from measurements of the FET current as a function of the gate-bias [47, 48, 49].
More extensive low-temperature magnetotransport measurements are also performed using
multiterminal FETs. A prerequisite for any kind of electrical measurements is the existence
of electrical contacts which can inject carriers reliably into the TMD channel. However, the
2D nature of TMDs and their large bandgaps make it non-trivial to create low-resistance
Ohmic contacts. Most commonly used metal contacts form large Schottky barriers at the
metal–TMD interface in the absence of reliable TMD doping techniques, and drastically
diminish drive currents, thereby preventing meaningful electrical measurements.
Since the recent revival of interest in TMDs as FET channelmaterials, much research
has been devoted to obtaining low-resistance electrical contacts to TMDs [50, 51]. The first
section of this chapter presents an overview of the contact Schottky barrier problem and
techniques from literature to create low-resistance Ohmic hole contacts to WSe2. The later
sections discuss the feasibility of using platinum (Pt) electrodes as hole contacts to WSe2
and the subsequent electrical characterization of Pt-contacted WSe2 FETs.
By using a device design with the Pt contacts underneath the WSe2, and an h-BN
top-gate dielectric, top-gated FETs were realized with hole contacts that stay Ohmic down
to cryogenic temperatures. The three/four-layer thick WSe2 FETs show high ON/OFF
current ratios > 107, hole field-effect mobilities of 140 cm2/Vs at room temperature which
increase up to 4000 cm2/Vs at 2 K. The output characteristics exhibit current saturation and
interesting negative differential resistance characteristics. Temperature-dependent transport
measurements reveal a metal–insulator transition. The mobility shows a strong temperature
dependence at high-temperatures, indicative of phonon scattering dominated transport, and
saturates at low-temperatures, possibly limited by Coulomb scattering or defects.
Portions of this chapter have been published as Ref. [46]: H. C. P. Movva, A. Rai, S. Kang, K. Kim,
B. Fallahazad, T. Taniguchi, K. Watanabe, E. Tutuc, and S. K. Banerjee, “High-Mobility Holes in Dual-Gated
WSe2 Field-Effect Transistors,” ACS Nano, vol. 9, no. 10, p. 10402, 2015. The dissertator, H. C. P. Movva,
fabricated and characterized the WSe2 samples, and contributed to data analysis and writing the paper.
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2.1 Transition Metal Dichalcogenide Field-Effect Transistors
Figure 2.1(a) shows the schematic cross section of a typical back-gated TMD FET
with metal top-contacts. A degenerately doped Si substrate is used as a gate and a thermally
grown SiO2 layer (typically 300 nm thick) on top as the gate dielectric. Electrical contacts
to the TMD are made by metal electrodes deposited on top of the TMD layer. Typical
two-terminal field-effect measurements involve applying a drain bias (VD), while grounding
the source terminal (VS = 0) and monitoring the drain current (ID) as a function of the
back-gate bias (VBG).
In the absence of chemical bonding at the metal–TMD interface, i.e., metal contacts
which do not affect the TMD bandstructure, the alignment of the metal Fermi level to the
TMD bands is determined by the difference between the metal and TMD workfunctions.
Figure 2.1(b) shows representative band diagrams of a TMD FET at VD = 0 for the three
possible regimes of operation at VBG < 0, = 0, or > 0. It is assumed that the Fermi level
(EF) of the metal and TMD align at VBG = 0 and that EF is slightly above mid-gap between
the TMD conduction (Ecb) and valence (Evb) bands. There usually exist Schottky barriers
at the metal–TMD interface for most metal–TMD combinations and therefore, most TMD

























Figure 2.1: (a) Schematic cross section of a back-gated TMD FET with metal top-contacts. The
biasing scheme is shown in red. (b) Representative band diagrams of a TMD FET at VD = 0 for the
three possible regimes of operation at VBG < 0, = 0, or > 0. The location of EF is assumed to be
slightly above mid-gap between Ecb and Evb. The arrows indicate injection of holes (electrons) into
the valence (conduction) band of the TMD for VBG < 0 (> 0).
At VBG = 0, the FET is in the OFF state since the TMD channel is close to intrinsic,
and depleted of both electrons and holes. On applying a non-zero VD, the Schottky barriers
obstruct injection of electrons and holes from the metal into the TMD conduction and
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valence bands, respectively. When VBG < 0, the TMD bands are displaced upwards in
energy and the channel accumulates holes with a density proportional to |VBG |. The valence
band Schottky barrier width also narrows and holes can be injected from the metal contact
into the TMD valence band for non-zero VD, resulting in an ID which increases with |VBG |,
the signature of a p-FET. Similarly, when VBG > 0, the channel accumulates electrons and
the resulting ID vs VBG shows an n-FET behavior. Most TMD FETs are therefore expected
to show ambipolar characteristics.
To date, MoS2 has received the most attention as an FET channel material among
all TMDs, with the devices exhibiting predominantly n-type behavior [52, 53], in contrast
to what is predicted by the simple model of Fig. 2.1(b). The departure is due to Fermi level
pinning which can markedly affect the Schottky barrier heights [54], and consequently, in
the case of MoS2, severely reduce injection of holes into the channel [50, 55]. The exact
nature of Fermi level pinning depends on the chemistry at the metal–TMD interface.
Ambipolar characteristics have been observed more readily in WSe2 FETs, where
the issue of Fermi level pinning is less severe [47, 56, 57]. The high-propensity of chalcogen
vacancies in sulfide TMDs tends to pin the Fermi level close to the conduction band edge,
creating a large Schottky barrier to the valence band, thereby suppressing hole injection
[58]. Figure 2.2(a) shows ambipolar ID vs VBG for a few-layer WSe2 FET on a 300 nm
SiO2/Si substrate contacted using nickel (Ni) electrodes. While the data show considerable
p-type conduction, the higher ID values for VBG = 60 V compared to −60 V indicate
alignment of the Ni Fermi level slightly closer to the conduction band edge, similar to the
representative band diagrams of Fig. 2.1(b), and also determined from recent experiments
[59]. The hysteresis between the forward and reverse sweeps is due to charge-trapping at
the WSe2–SiO2 interface [60].
Selective injection of holes has proven to be a more arduous problem for TMDs. In
light of its less severe Fermi level pinning, the TMD that has attracted most attention for
p-FETs isWSe2, with early reports of bulkWSe2 FETs showing hole mobilities approaching
500 cm2/Vs [47]. Subsequently, monolayer WSe2 FETs have also been demonstrated using
high workfunction palladium (Pd) contacts [61]. Figure 2.2(b) shows ID vs VBG for a
monolayer WSe2 FET on a 300 nm SiO2/Si substrate contacted using Pd electrodes, which
displays a predominantly p-type behavior.
However, in the absence of considerable Fermi level pinning, the Schottky barrier
heights to both the WSe2 conduction and valence bands tend to be high due to its large
bandgap, resulting in large contact resistances and low drive currents as shown by Fig. 2.2
data, a problem which worsens at low-temperatures. Considerable research effort has been
devoted to addressing the problem of creating low-resistance Ohmic contacts to WSe2, and
all TMDs in general [50] in order to probe their intrinsic electronic transport properties.
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Figure 2.2: (a) ID vs VBG for a few-layer WSe2 FET with Ni top-contacts. (b) ID vs VBG for a
monolayer WSe2 FET with Pd top-contacts. The back-gate dielectric is 300 nm of SiO2.
2.1.1 Electrical Contacts to the Valence Band of WSe2
The most commonly used contact metal for WSe2 p-FETs in literature is Pd, moti-
vated by its relatively high workfunction, φPd ≈ 5.5 eV [62]. In the absence of Fermi level
pinning, the Fermi level of Pd is intuitively expected to lie below the valence band edge of
few-layer WSe2 with an electron affinity, χWSe2 ≈ 4.1 eV, and a bandgap, Eg ≈ 1.3 eV [60],
i.e., φPd & χWSe2+Eg, resulting in low-resistance contacts to the valence band. Experimen-
tal data however suggest a considerable valence band Schottky barrier height (ΦSB) up to
0.38 eV for Pd contacts to few-layer WSe2 [57]. The variance is due to inevitable chemical
bonding between the metal and TMD orbitals which modifies their original energy levels,
and results in a Schottky barrier height which is very different from the intuitively expected
value [54, 63].
In essence, experimental Schottky barrier heights and thus, the nature of contacts
are rarely in agreement with the intuitive picture. Further, the higher bandgap of monolayer
WSe2 (Eg ≈ 2.2 eV) [64, 65] is expected to result in a an even larger Schottky barrier
height, as suggested by the moderate ID values of Fig. 2.2(b) data. Several interesting
contact strategies have been attempted in literature to address the problem of hole contacts
to WSe2 such as surface transfer doping [61] and ionic liquid doping [66] of the source
and drain access regions, ionic liquid doped graphene [67, 68] and high-workfunction 2D
materials [69, 70, 71] as contacts, sub-stoichiometric hole injecting oxide layers between
the contact metal andWSe2 [72, 73], and plasma-etched contact regions [74], among others.
Table 2.1 summarizes some of these contact strategies.
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Table 2.1: Survey of electrical contact strategies employed for WSe2 p-FETs.a The approximate (in-
dicated by “∼”) contact resistance values are extracted assuming the two-terminal channel resistance
is dominated by the contact resistance. All contact resistance values are at room temperature.
Ref. Layers Contact material Contactresistance Comment
[61] 1 NO2-doped p+-WSe2 ∼ 50 kΩ·µm Air-unstable
[66] 1 Ionic liquid doped p+-WSe2 10 kΩ·µm Ion-gel on top
[67] 4 − 12
Ionic liquid doped p+-graphene
2 kΩ·µm
h-BN encapsulated
[68] 3 ∼ 10 kΩ·µm
[69] 5 Few-layer Nb-doped p+-WSe2 ∼ 0.3 kΩ·µm h-BN encapsulated
[70] 8
Few-layer NbSe2
∼ 50 kΩ·µm h-BN encapsulated
[71] Few 540 kΩ·µm ΦSB = 50 meV
[72] > 40 Pd on MoOx ∼ 1 MΩ·µm ΦSB = 0.29 eV
[73] 3 Ti/Au on WOx overlayer 66 kΩ·µm ΦSB = 0.24 eV
[74] 5 − 8 Pd on O2 plasma treated WSe2 5 kΩ·µm h-BN encapsulated
aNitrogen dioxide (NO2) is a p-type surface transfer dopant [61] and niobium (Nb) a p-type substitutional
dopant for WSe2 [69]. 2H niobium diselenide (NbSe2) is a metallic TMD whose Fermi level lies below the
valence band edge of WSe2 [70]. Sub-stoichiometric molybdenum trioxide (MoOx , x < 3) [72] and tungsten
trioxide (WOx , x < 3) [73] are high-workfunction hole injecting layers. Titanium (Ti)/ gold (Au) electrodes
on a WOx overlayer result in p-type contacts to WSe2. An oxygen (O2) plasma partially etches and modifies
the WSe2 surface [74].
While improving hole injection, these techniques have limitations, such as poor en-
vironmental stability, restrictions on the WSe2 thickness, increased impurities in proximity
of the WSe2 channel which increase disorder, thereby reducing the carrier mobility, and
sizable Schottky barrier heights which affect low-temperature performance. Probing the
intrinsic transport properties of WSe2 requires the channel to be free of unwanted charged
impurities and extraneous disorder which can degrade the carrier mobility. Trapped charges
at the WSe2–SiO2 interface which cause hysteresis in Fig. 2.2 data are one such example of
extrinsic disorder which also severely deteriorate mobilities.
Therefore, in addition to reliable electrical contacts, a clean dielectric environment is
essential to eliminate debilitating contributions from extrinsic factors to electronic transport
in TMDs. Hexagonal boron nitride has been shown to be a desirable dielectric in view of
its ultraflat surface free of dangling bonds, thereby helping preserve the intrinsic transport
properties of TMDs [37, 75].
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The following sections discuss the suitability of Pt as a contact metal to the va-
lence band of WSe2 and subsequent electrical measurements of Pt contacted WSe2 FETs.
Three/four-layer WSe2 flakes were chosen initially in light of their smaller bandgaps com-
pared to monolayer WSe2.
2.2 WSe2 FETs with Pt Bottom-Contacts
The high workfunction (φPt ≈ 6.0 eV) of Pt [76, 77] places its Fermi level below
the valence band edge of few-layer WSe2 (χWSe2 + Eg ≈ 5.5 eV) [60]. In the zeroth
order approximation, this band alignment is intuitively expected to result in Ohmic p-type
contacts. However, direct deposition of Pt on WSe2 as a top-contact is impractical due to
its poor adhesion. While this problem is usually addressed by depositing a thin adhesion
layer of chromium (Cr) or Ti prior to Pt deposition, it would reduce the effective metal
workfunction at the contact interface and defeat the purpose of using Pt in the first place.
A way to circumvent this problem is to place the Pt contacts underneath the WSe2
flake. The Pt electrodes can be deposited with an appropriate adhesion layer at the bottom
without affecting the top surface workfunction. Placing WSe2 on top of the Pt electrodes
would contact the pristine Pt top surface, whose high-workfunction would still be preserved.
Furthermore, Pt being a noble metal is immune to oxidation and contamination which keeps
the top-surface clean. Figure 2.3(a) shows the schematic cross section of a dual-gatedWSe2
FET with Pt bottom-contacts along with its biasing scheme, and Fig. 2.3(b) shows the














Figure 2.3: (a) Schematic cross section of a dual-gated WSe2 FET with Pt contacts underneath the
WSe2, an h-BN top-gate dielectric, and a Pd top-gate. The biasing scheme is shown in red. (b)
Optical micrograph of LD55, a typical WSe2 FET. The top-gate, Pt contacts, and WSe2 flake are
outlined by yellow, red, and black dashed lines, respectively. The scale bar is 10 µm.
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The FETswere fabricated using exfoliated flakes obtained frombulkWSe2 and h-BN
crystals. First, three/four-layer WSe2 and 10 − 30 nm thick h-BN flakes were exfoliated on
independent SiO2/Si substrates. On a separate substrate, thin Cr/Pt (2 nm/ 10 nm) electrodes
were patterned using a combination of electron-beam lithography (EBL), electron-beam
metal evaporation (EBME), and lift-off. Multiple electrodes were patterned to enable
four-point measurements to eliminate contact resistance effects and extract the intrinsic
properties of the WSe2 channel. Using a custom micromanipulator–microscope setup and a
silicone stamp spin-coated with a heat-release polymer [78, 79], the h-BN and WSe2 flakes
were “picked-up” sequentially and the resulting h-BN/WSe2 stack subsequently aligned
with and “placed” onto the Cr/Pt electrodes. Finally, a local Pd top-gate, and metal bond
pads were patterned using EBL, EBME, and lift-off. A more detailed discussion on the
“pick and place” technique and other fabrication steps is presented in Appendix B. Three
different three/four-layer WSe2 FETs, LD39, LD55, and LD56 were investigated in this
study, all with consistent results. Appendix A provides the samples’ details.
The effectiveness of the Pt bottom-contacts was evaluated by performing electrical
measurements using the biasing scheme shown in Fig. 2.3(a). Electrical measurements
were conducted using a semiconductor parameter analyzer (Agilent B1500A) in a vacuum
probe station (Lakeshore FWPX). Figure 2.4(a) shows ID vs VTG at various VD values, and
VBG = 0 V at room temperature in a four-layer WSe2 FET, LD56, with a channel length,
L = 6 µm, and width, W = 12 µm. At the lowest VD = 1 mV, the FET shows predominant
p-type conduction and negligible n-type conduction. With every decade of increase in VD,
the p-type ID increases by a decade, whereas the n-type ID increases nonlinearly. This
behavior hints at Ohmic and Schottky nature of the Pt bottom-contacts to the valence and
conduction bands of WSe2, respectively.
The emerging ambipolar characteristics in Fig. 2.4 are similar to the data of Fig. 2.2
with conventional top-contacts, and are due to emanant injection of electrons into the WSe2
conduction band at large VD values. Negligible conduction near VTG = 0 V indicates the
intrinsic nature of WSe2, and evidence of clear subthreshold and insulating regimes, along
with a large p-typeON/OFF current ratio > 107 atVD = 1V signify no unintentional doping.
Negligible hysteresis signifies minimal charge-trapping, and therefore, clean interfaces in
the device and absence of trapping centers in the WSe2.
The contrasting p-type and n-type behavior of the contacts is apparent in the low-bias
ID vs VD data for VTG ≤ 0 V and VTG ≥ 0 V shown in Figs. 2.4(b) and 2.4(c), respectively.
A salient difference is the p-type ID vs VD being linear and nearly three orders of magnitude
larger than the nonlinear and asymmetric n-type ID vs VD, indicative of a large Schottky
barrier for Pt contacts to the conduction band. These data suggest that the Pt bottom-
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Figure 2.4: (a) ID vs VTG at various VD values and at room temperature in a four-layer WSe2 FET,
LD56, with a channel length L = 6 µm show p-type conduction at VD as low as 1 mV. (b) The
corresponding low-bias ID vs VD for various VTG values from 0 V to −5 V in steps of −1 V show
Ohmic p-type contacts. (c) The low-bias ID vs VD for VTG between 0 V and 5 V in 1 V increments
are symptomatic of Schottky contacts. The measurements are at VBG = 0 V.
DFT calculations predict the Schottky barrier between Pt and the valence band of WSe2 to
vanish and result in Ohmic p-type contacts, thanks to effective hybridization between the
Pt d-orbitals and the WSe2 valence band states [80]. Lower workfunction metals such as
indium and silver would intuitively be preferable as n-type contacts [81].
2.3 Field-Effect Mobility and Contact Resistance
Multiterminal four-point measurements were used to extract the intrinsic hole mo-
bilities and contact resistances of the WSe2 FETs. Figure 2.5(a) shows the two-point
conductance (G2pt) and four-point, intrinsic conductance (G4pt) vs VTG in LD56 at room
temperature. While G2pt = ID/VD is measured as the conductance between an adjacent pair
of contacts, G4pt = ID/∆V is measured using the voltage difference (∆V ) measured between
the same two contacts when biasing an outer pair of contacts.
The difference between G2pt and G4pt is due to a substantial voltage drop across the
contacts which reduces the effective drain voltage on the WSe2 channel, thereby reducing









where CTG is the top-gate capacitance, and G = G2pt yields the two-point field-effect
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Figure 2.5: (a) Two-point (dashed lines) and four-point (solid lines) G vs VTG in linear (left axis,
blue) and log (right axis, red) scales in LD56 at room temperature. The black lines show linear fits
which yield µ2pt = 48 cm2/Vs and µ4pt = 140 cm2/Vs. (b) Rc vs VTG extracted from panel (a) data
show strong VTG-modulation of Rc. The measurements are at VBG = 0 V.
mobility (µ2pt) and G = G4pt yields the four-point, intrinsic field-effect mobility (µ4pt). For
LD56 which has a top-gate h-BN thickness of 18 nm, and using the h-BN out-of-plane
effective dielectric constant of 3.0,1 CTG = 150 nF/cm2. Using Eq. 2.1 for the G vs VTG
data of Fig. 2.5(a) gives µ2pt = 48 cm2/Vs and µ4pt = 140 cm2/Vs. The intrinsic field-effect
mobility of 140 cm2/Vs for holes in WSe2 compares favorably with prior reports from
literature [66, 67, 68]. The considerably lower µ2pt value compared to µ4pt is due to the
detrimental effect of contact resistance on G2pt.
The specific contact resistance (Rc) can be determined from the difference of the












where it is assumed that the source and drain contact resistances are equal. Figure 2.5(b)
shows Rc vs VTG extracted from Fig. 2.5(a) data. The contact resistance shows a strong VTG
dependence, reducing with increasing |VTG |, and asymptotically approaching 100 kΩ·µm
at VTG = −5 V. The contact resistance trend mirrors the inverse of the channel conductance
trend and is due to modulation of the WSe2 contact regions’ resistance by the top-gate.
1The out-of-plane effective dielectric constant of h-BN is extracted using capacitance values measured
from magnetotransport measurements in WSe2 Hall bar samples, and is discussed in Appendix C.
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Variation of contact resistance with gate-bias is not observed in traditional MOSFETs due
to their highly doped source and drain regions [82]. However, if they are undoped, as in
typical TMD FETs, the gate can electrostatically modulate the contact regions, and in turn,
the contact resistance.
The data of Fig. 2.5 underline the importance of four-point measurements in extract-
ing the intrinsic transport properties of TMDs. Two-point mobility measurements severely
underestimate the channel mobility, especially in TMD FETs, where the contact resistances
are typically larger than the channel resistance.
2.4 Effect of Dual-Gating and Output Characteristics
The back-gate provides a second knob to tune the carrier density in theWSe2 channel,
and therefore the FET characteristics. Figure 2.6(a) shows G2pt vs VBG at various values of
VTG and Fig. 2.6(b) shows G2pt vs VTG at various values of VBG in LD56, measured at room
temperature. While Fig. 2.6(a) data show a large modulation of the ON state conductance
with varying VTG, the ON state conductance in Fig. 2.6(b) remains relatively unchanged
with varying VBG. The stark difference in the FET response to varying VTG and VBG can be
understood by examining the electrostatics in the device.
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Figure 2.6: (a) G2pt vs VBG at VTG values varying from 0 V to −5 V in steps of −0.5 V in LD56.
(b) G2pt vs VTG at various VBG values in LD56. The dashed lines indicate the regions where the SS
values are evaluated. The data are at room temperature.
Figure 2.7(a) shows a schematic of the electrostatic field-lines from the top- and
back-gate in a WSe2 FET with bottom-contacts. While the top-gate can modulate the WSe2
regions both in the channel and on top of the contacts, the back-gate can only modulate the
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WSe2 channel, but not the contact regions due to screening by the contacts. Back-gated










Figure 2.7: (a) Schematic of the electrostatic field-lines from the top- and back-gate in a WSe2 FET
with bottom-contacts. (b) Schematic of the electrostatic field-lines in an FET with conventional
top-contacts. The field-lines marked by red crosses indicate that they are screened by the contacts.
When VTG = 0 V in Fig. 2.6(a), the contact regions are highly resistive, and inhibit
current flow through the channel, resulting in a low G2pt irrespective of the VBG value. As
VTG is progressively made more negative, the contact resistance decreases, and in turn, G2pt
increases in the ON state. The G2pt saturation is due to the contact resistance dominating
the total channel resistance. Since the contact resistance can be modulated much more
effectively by VTG, G2pt in the ON state is more sensitive to VTG than VBG. The shift in
VBG at the onset of saturation with varying VTG values is due to the effect of dual-gating of
the channel. A more negative VTG accumulates additional holes in the channel which then
requires a more positive VBG to deplete.
The weak dependence of the ON state G2pt with varying VBG values in Fig. 2.6(b) is
due to the dominant contact resistance in this regime which is determined only by VTG. A
noteworthy feature in Fig. 2.6(b) data is the subthreshold swing (SS) which shows evidently
different slopes whenVBG ≤ 0V and > 0V. ForVBG ≤ 0V, the channel accumulates holes at
VTG = 0 V, and the SS ' 0.33 V/dec is determined by the rate at which the contacts turn ON.
In contrast, for VBG > 0 V, the channel is populated with electrons at VTG = 0 V, analogous
to a conventional p-MOSFET with a nominally n-type channel. The SS ' 0.15 V/dec is
consequently dictated by thermionic emission over the barrier between the contacts and the
channel, and is therefore lower.
The data of Fig. 2.6(a) are closely similar to the transfer characteristics of conven-
tional WSe2 FETs with top-contacts, but with the roles of the top- and back-gates reversed
[61, 68]. Figure 2.7(b) shows a schematic of the electrostatic field-lines in a conventional
TMD FET where the top-gate has no electrostatic access to the contact regions, analogous
to the back-gate in Fig. 2.7(a). The back-gate in the bottom-contacted WSe2 FETs can
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be used as a knob to tune the FET characteristics by modulating only the channel density
without significantly affecting the contact resistance.
Figure 2.8 shows ID vs VD at various VTG and VBG values in LD56 at room tempera-
ture. First, there is a clear evidence of current saturation at large negative VD for all VTG and
VBG values. The maximum drive current of ∼ 5 µA/µm obtained at VTG = −5 V is compa-
rable to values reported for WSe2 p-FETs with chemically doped source and drain contacts
[61]. A second interesting feature is the negative differential resistance (NDR) behavior
prior to the onset of current saturation. Third, there is considerable hysteresis between the
forward and reverse sweeps near the NDR region. Both the NDR and hysteresis amplitudes
are correlated and decrease with increasing VBG from −40 V to 40 V and also decrease with
decreasing |VTG | values.
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Figure 2.8: ID vs VD at various VTG values from −2.5 V to −5.0 V in steps of −0.5 V and at different
VBG values of −40 V (left panel), 0 V (center panel), and 40 V (right panel), at room temperature,
in LD56.
The NDR behavior that is commonly observed in FETs with III–V channel materials
is due to a transferred electronmechanism, referred to as theGunn effect [82]. At high lateral
electric fields, electrons get transferred to a lower mobility satellite valley which results in
a reduction of the current and thus an NDR characteristic. Prior reports of NDR in MoS2
FETs have also been attributed to a transferred electron mechanism between satellite valleys
and/or a self-heating effect [83]. The peculiar VBG dependence of the NDR in LD56, a
four-layer WSe2 FET suggests that the vertical carrier distribution among the WSe2 layers
plays a key role.
Application of VBG changes the position of the charge centroid in the WSe2, with
negative (positive) VBG shifting the holes closer to (further away from) the SiO2 substrate.
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A real space transfer between the high-mobility top layer closer to the h-BN and the low-
mobility bottom layer closer to the SiO2 substrate could lead to an NDR behavior. The
hysteresis dependence on VBG is further suggestive of hot carrier trapping at the WSe2–
SiO2 interface [60] which increases (decreases) when the carriers are closer to (further
away from) the SiO2 substrate. The persistent NDR in both the forward and reverse sweeps
suggests that a transferred electron mechanism could be at play, in view of the close energy
proximity between the valence band Γ and K valleys in four-layer WSe2 [35].2 However,
the hysteresis makes it difficult to unambiguously draw this conclusion.
2.5 Temperature-Dependence and Metal–Insulator Transition
To evaluate the performance of the Pt contacts at low-temperatures, the WSe2 FETs
were cooled in a Physical Properties Measurement System (PPMS) down to a temperature,
T = 2 K. Figure 2.9(a) shows the low-bias ID vs VD at various values of VTG at T = 2 K in a
trilayer WSe2 FET, LD39. While ID vs VD at low |VTG | show a slight nonlinearity, the data
are linear at large |VTG |, where the contact regions are populated with holes, indicating that
the Ohmic nature of the Pt contacts is retained down to T = 2 K.
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Figure 2.9: (a) Low-bias ID vs VD at various VTG values from 0 V to −10 V in steps of −1 V at
T = 2 K in a trilayer WSe2 FET, LD39. (b) Rc vs VTG at various temperatures in LD39. The
measurements are at VBG = 0 V.
2Chapter 5 discusses valley populations in trilayer WSe2 where holes are found to populate both the Γ
and K valleys depending on the transverse electric field. The K valley holes reside closer to, and the Γ holes
further away from the top-gate. Varying VBG changes the electric field and therefore the relative Γ and K
valley populations, conceivably explaining the VBG dependence of the NDR characteristics.
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The Ohmic Pt contacts permit four-point measurements in order to extract the
channel conductivity and contact resistances. Figure 2.9(b) shows Rc vs VTG at various T
values in LD39 calculated using Eq. 2.2. The data show a relatively unvarying Rc vs VTG
for VTG < −4 V over the entire temperature range, indicating the absence of a noticeable
Schottky barrier for the Pt contacts to the valence band of WSe2, and substantiating the
theoretical predictions of Ref. [80]. In contrast, contacts with a sizable Schottky barrier
show a drastic increase of the contact resistance with decreasing temperature [82].
Temperature-dependent measurements of the channel conductivity, G = G4pt ×
L/W , were performed using small excitation current, low-frequency (9 − 13 Hz) lock-in
techniques in order to minimize self-heating, especially at low-temperatures. The linear ID
vsVD enabled suchmeasurements at an excitation current as low as I = 10 nA. Figure 2.10(a)
shows G vs VTG as a function of varying temperature in LD39.





























































Figure 2.10: (a) G vs VTG at various temperatures in LD39. (b) Close up of panel (a) data near the
crossover at Gc = 39 µS ' e2/h. The measurements are at VBG = 0 V.
Two distinct regimes are evident in the temperature dependence of G; for VTG <
−4 V, G increases monotonically with decreasing temperature, and for VTG > −4 V, G
does not follow a monotonic trend. The crossover between these two regimes suggests a
metal–insulator transition (MIT), consistent with previous observations for a variety of 2D
electron, and hole systems, including TMDs [66, 67, 84, 85]. Figure 2.10(b) shows a close-
up of the MIT crossover occurring at a conductivity, Gc = 39 µS ' e2/h; e is the electron
charge and h is the Planck constant. To better understand the nature of the metal–insulator
transition in WSe2, the results are discussed using the theoretical framework developed to
explain the phenomenon in a large set of 2D electron and hole systems [86, 87].
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According to the scaling theory of localization [19], all non-interacting 2DESs ex-
hibit an insulating ground state in the limit of zero-temperature due to the inevitable presence
of disorder which leads to localization of charge carriers. However, at high carrier densities,
and in samples with reduced disorder, the localization length can exceed the sample size. In
this weakly localized state, the 2DES can exhibit an apparent metallic behavior, explained
in terms of the temperature-dependent screening of fixed charged impurities. For high
sample disorder, or at low carrier densities, the system becomes strongly localized, and the
temperature-dependence of conductivity displays the expected insulating behavior. This
crossover from a metallic weakly localized regime at high carrier densities to an insulating
strongly localized regime at low carrier densities has been used to explain the MIT in 2D
semiconductors [84, 86].
To evaluate if theMIT inWSe2 is indeed caused by a similar crossover, the following
density-dependent temperature scales are examined [86]: the Fermi temperature (TF) which
represents the Fermi energy of the holes, the Bloch–Grüneisen temperature (TBG) which
defines the phonon temperature scale, and the Dingle temperature (TD) which represents
the temperature scale associated with disorder.
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Here, EF is the Fermi energy, kF =
√
2πpc is the Fermi wavevector, pc is the carrier
density at crossover, m∗ is the hole effective mass, vph is the phonon velocity, ΓD is the
impurity-scattering induced level broadening determined by µ, the hole mobility, kB is
the Boltzmann constant, and ~ is the reduced Planck constant. A degeneracy factor of
two is used to relate kF and pc, m∗ = 1.2me, where me is the free electron mass, and
vph = 3.3 × 103 m/s is the phonon velocity in WSe2 [88].3
An unambiguous evidence of a weak localization mediated metallic phase requires
TD < TF < TBG at the crossover point. The latter condition,TF < TBG is necessary to rule out
3Chapter 5 data on holes in trilayer WSe2 reveal a degeneracy of two for both the K (two valleys with
spin-valley locking) and Γ (one valley with two spins) valleys. The effective mass, m∗ = 1.2me is chosen
based on the assumption that the holes reside in the Γ valley at the MIT crossover point.
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contribution from phonon scattering which can also lead to an apparent metallic behavior
for T > TBG. The earlier condition, TD < TF is required to ensure that disorder is sufficiently
weak, in the absence of which a metallic behavior would not be observed in the first place.
From Fig. 2.10 data, the crossover density is estimated to be pc = 3.7 × 1012 cm−2, which
yields TF = 86 K and TBG = 24 K.4 Since TF > TBG, the metallic behavior in Fig. 2.10
could likely be due to phonon scattering. For acoustic phonon scattering at T > TBG, G is
expected to follow a ∼ T−1 law, resulting in an apparent metallic behavior [89].
The insulating phase, on the other hand, is the expected behavior for a 2DES.
While a strong localization effect at low carrier densities results in an insulating behavior,
an alternate semiclassical percolation model can also explain this phenomenon [87, 90].
Density inhomogeneities induced by disorder are believed to block conductive paths in the
channel at low carrier densities, leading to an insulating state due to percolation of carriers
between the potential fluctuations. The similar values of Gc = O(e2/h) expected for both
the localization, and percolation mechanisms make it difficult to choose one to explain the
insulating phase in the WSe2 devices, as is the case for other 2DESs [86].
The apparent metallic behavior mediated by phonon scattering is closely similar to
observations made in Si MOSFETs in the 1970s [16, 91]. A strong-to-weak localization
driven MIT requires TF < TBG, which places an upper limit on the crossover density,
pc < 3.0 × 1011 cm−2 for WSe2 holes in the Γ valley. Additionally, TD < TF also places a
lower limit on themobility at crossover, µc > 800 cm2/Vs. For comparison, µc = 65 cm2/Vs
for Fig. 2.10 data at T = 2 K. Observation of a weak localization driven metallic behavior
therefore requires samples with mobilities higher by at least a factor of 10 − 15.
2.6 Hole Mobilities in WSe2
To determine the scattering mechanisms limiting hole transport in WSe2, the mobil-
ity was studied as a function of temperature. Figure 2.11(a) shows the four-point field-effect
mobility extracted in the metallic regime, µFE vs T for three WSe2 FET devices. All
three devices show a modest µFE of around 140 cm2/Vs at room temperature, which then
increases rapidly with decreasing temperature. The mobility variation in the high tempera-
ture regime forT > 100K follows a power-law dependence, µFE ∝ T−γ, where the exponent
γ varies between 0.8 − 1.2 for the three devices. Below a certain critical temperature (Tc),
4In the absence of a direct density measurement, e.g., through the Hall effect, pc = CTG(Vc − VT)/e is
used to estimate pc; Vc is the top-gate voltage at the crossover point and VT is the threshold voltage which is
assumed to be 0, based on Chapter 3 data.
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the mobility saturates to an upper limit and stays nearly constant with further reduction of
temperature.
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Figure 2.11: (a) µFE vs T for three different WSe2 FET devices. The dashed line for T > 100 K
indicates a ∝ T−γ power-law trend expected for mobility dominated by phonon scattering. The inset
table shows the γ values extracted for the three devices. The dotted lines for LD39 data mark its Tc
value. (b) Tc vs µimp for the three devices of panel (a).
Phonon scattering is the dominantmobility limitingmechanismat high-temperatures,
leading to a µ ∝ T−γ trend, where the exponent γ depends on the specifics of the phonon
scattering mechanisms at play. Acoustic phonon scattering is expected to result in γ = 1,
whereas γ > 1 is a signature of optical phonon scattering [89, 92]. The values of γ closer
to 1 in the WSe2 devices suggest that acoustic phonon scattering is the mobility limiting
factor for T > 100 K.
At low-temperatures, µFE saturates to an upper limit (µimp), likely limited by
Coulomb scattering or defects [89, 93]. A Tc value can be assigned to each of the µFE
vs T data of Fig. 2.11(a) by linearly extrapolating the two temperature dependence regimes
of µFE, shown for LD39 data as an example. Figure 2.11(b) shows Tc vs µimp for the
three devices of Fig. 2.11(a). There is considerable variability in µimp between samples,
µimp ∈ 800 − 4000 cm2/Vs, varying inversely with Tc ∈ 40 − 7 K. The Tc value can be
an indicator of sample quality, with cleaner samples transitioning to an impurity scattering
dominated mobility regime at lower temperatures [93]. It is to be noted that µimp does not
seem to depend on γ.
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2.6.1 Hall Mobilities in Monolayer and Bilayer WSe2
An alternate measure of the carrier mobility is via Hall measurements, which allow
independentmeasurement of the carrier density andmobility, referred to as theHall mobility
(µHall). Measurements of the Hall mobility require multiterminal Hall bar devices in order
to measure the transverse Hall voltage in a perpendicular magnetic field, from which the
Hall mobility and carrier density can be determined.5 Figure 2.12(a) shows µHall vs T
measured in h-BN encapsulated WSe2 Hall bar samples, monolayer WSe2-08 and bilayer
WSe2-09, at a hole density, p = 8.0 × 1012 cm−2. Using h-BN as the substrate in addition
to the top-gate dielectric reduces charged impurity scattering from the SiO2 substrate and


































































Figure 2.12: (a) µHall vs T at p = 8.0 × 1012 cm−2 in monolayer WSe2-08 and bilayer WSe2-09 Hall
bar samples. The dashed lines show fits to Eq. 2.6. (b) µHall vs p at various T values in WSe2-08
(top panel) and WSe2-09 (bottom panel).
Both the monolayer and bilayer data of Fig. 2.12(a) show a behavior very similar
to the three/four-layer WSe2 data of Fig. 2.11(a), with a steep µHall increase with reducing
temperature forT > 100K, indicative of phonon scattering limitedmobility, and a saturation
and relative insensitivity of µHall to temperature for T < 50 K, indicative of impurity
scattering limited mobility. Figure 2.12(b) shows µHall vs p at various temperatures in
WSe2-08 and WSe2-09. At a given temperature in monolayer WSe2-08, µHall increases
with increasing density due to increased screening of charged impurities at higher densities.
The data of bilayer WSe2-09 show a weaker variation of µHall vs p, presumably due to
5Section 3.1.1 discusses the classical Hall effect, and measurement of the Hall mobility and carrier density
in a 2DES.
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stronger screening of charged impurities by the bottom unpopulated WSe2 layer,6 rendering
the effect of screening by an increased density of holes relatively less important [4].
The individual contributions of the phonon scattering limited mobility and charged

















where µimp is the charged impurity scattering limited mobility contribution and µph = ηT−γ
is the phonon scattering limited mobility contribution; η is a proportionality constant. The
dashed lines in Fig. 2.12(a) are fits of the mobility data to Eq. 2.6 which yield γ = 1.92
and µimp = 1340 cm2/Vs for monolayer WSe2-08, and γ = 1.88 and µimp = 3680 cm2/Vs
for bilayer WSe2-09. Figures 2.13(a) and 2.13(b) summarize γ and µimp vs p, respectively,
obtained by fitting Eq. 2.6 to the µHall vs T data at various p values in two monolayer WSe2
Hall bar samples, WSe2-06 andWSe2-08, and two bilayer WSe2 Hall bar samples, WSe2-07
and WSe2-09. The γ values show very little variation with density.

















































Figure 2.13: (a) γ vs p for two monolayer and two bilayer WSe2 Hall bar samples. (b) µimp vs p for
the samples of panel (a).
Notably, the γ values in h-BN encapsulated monolayer and bilayer WSe2 samples
are higher; γ ' 2, suggestive of optical phonon scattering being the dominant mobility
limiting mechanism [89], compared to the acoustic phonon scattering limited γ values ∼ 1
in the three/four-layer WSe2 samples of Fig. 2.11(a). The difference can be attributed to
the dissimilar dielectric environments, each with its own distinct phonon modes which
6Chapter 3 data show that holes in bilayer WSe2 for VBG > 0 V populate only the top WSe2 layer.
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determine γ through extrinsic phonon scattering mechanisms [93]. For comparison, h-BN
encapsulated MoS2 samples [75] show values of γ ' 2 in contrast to γ < 2 for MoS2
samples on SiO2/Si substrates [84, 85].
The µimp values of Fig. 2.13(b) show considerable variation between samples similar
to the three/four-layer WSe2 data of Fig. 2.11, likely due to variations in the WSe2 flake
quality, and do not seem to depend on γ.
2.7 Summary
In summary, the top-gated device design with Pt bottom-electrodes presented in
this chapter provides Ohmic hole contacts to the valence band of WSe2 down to cryogenic
temperatures. The high hole mobilities at low-temperatures underline the high intrinsic
material quality ofWSe2, thereby enablingmore extensivemagnetotransportmeasurements,
which are the subject of the remainder of this dissertation.
The bottom-contact strategy is not unique to Pt–WSe2, but is also applicable to other
TMDs with an appropriate choice of electrode metal. For instance, Pd bottom-electrodes
result in Ohmic electron contacts to MoSe2 [94] and Au bottom-electrodes result in Ohmic
electron contacts to MoS2 [95] down to cryogenic temperatures.
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Chapter 3
Shubnikov–de Haas Oscillations of Holes in
Monolayer and Bilayer WSe2
Low-temperature magnetotransport is a powerful probe of the electron physics in a
material. Several key electronic transport properties of semiconductors such as the carrier
type, valley-degeneracy, carrier effective mass, etc., and spin–orbit and electron-electron
interaction effects have traditionally been probed using magnetotransport measurements
[16]. The 2D or quasi-2D inversion or accumulation layers at a semiconductor–insulator
interface or a semiconductor heterojunction have been the most commonly used vehicles
for such studies with a majority of the seminal experiments being performed in 2DESs
based on Si and GaAs, thanks to their high carrier mobilities [1, 12, 97, 98]. More recently,
magnetotransport measurements of graphene 2DESs have yielded invaluable insights into
the rich physics at play in the 2D limit [99, 100, 101, 102].
Exploring the electron physics in TMDs at low-temperatures and high magnetic
fields has proven arduous because of moderate mobilities and high-resistance electrical
contacts. In view of the results of Chapter 2, the high hole mobilities combined with the
ease of electrical access to the valence band facilitate a study of hole magnetotransport in
WSe2, which will be the focus of this chapter.
The first section of this chapter presents an overview of the classical Hall effect,
the quantum Hall effect, and techniques to analyze Shubnikov–de Haas (SdH) oscillations
aimed at investigation of the electron transport properties of a 2DES. The subsequent
sections discuss measurement results and analyses of SdH oscillations of holes in dual-
gated monolayer and bilayer WSe2 Hall bar devices. The data reveal a two-fold Landau
level degeneracy and a hole effective mass of m∗ = 0.45me in both monolayer and bilayer
WSe2; me is the free electron mass. The bilayer data also reveal carrier localization in the
two constituent layers and negative compressibility of holes in the bottom layer.
Portions of this chapter have been published as Ref. [96]: B. Fallahazad, H. C. P. Movva, K. Kim,
S. Larentis, T. Taniguchi, K. Watanabe, S. K. Banerjee, and E. Tutuc, “Shubnikov–de Haas Oscillations
of High-Mobility Holes in Monolayer and Bilayer WSe2: Landau Level Degeneracy, Effective Mass, and
Negative Compressibility,” Phys. Rev. Lett., vol. 116, no. 8, p. 086601, 2016. The dissertator, H. C. P. Movva,
fabricated the WSe2 samples, and contributed to characterization, data analysis, and writing the paper.
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3.1 Electrical Transport in a Magnetic Field
Amagnetic field provides a knob to tune the motion of charge carriers in a material,
which manifests as changes in its measurable properties, e.g., resistance. The special case of
a magnetic field applied perpendicular to the direction of charge flow produces the classical
and quantum Hall effects, which are discussed in the following sections.
3.1.1 Classical Hall Effect
The classical Hall effect is named after Edwin H. Hall who discovered that a current
through a thin foil sample in the presence of a perpendicular magnetic field produces a
voltage drop in the direction transverse to the direction of current flow [103]. This voltage,
called the Hall voltage (VH) was found to be proportional to the strength of the magnetic






















Figure 3.1: Schematic of the classical Hall effect. Charge carriers in a current carrying conductor
experience a Lorentz force on application of a magnetic field perpendicular to the direction of current
flow. This results in charge build-up in the direction normal to both the applied magnetic and electric
fields, thereby causing a voltage difference across the transverse edges known as the Hall voltage.
The appearance of a non-zero Hall voltage can be attributed to the Lorentz force
which states that a charged particle moving in a magnetic field experiences a force given by
FL = e (v × B) (3.1)
where FL is the Lorentz force, e is the particle charge (positive for holes and negative
for electrons), v is the particle velocity defined by the current flow, i.e., the drift velocity
(|v| = vd), and B is the magnetic field vector. The Lorentz force causes the particles to drift
in the transverse direction, resulting in charge build-up on one side of the sample. This
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charge imbalance in turn creates an electric field, giving rise to an electrostatic force which





where W is the width of the sample.
For equilibrium to be established, the two forces must be equal in magnitude, i.e.,
Fe = |FL |, which gives
eVH
W
= evd B (3.3)
where B = |B|. The current flowing through the sample is given by
I = Nevd A (3.4)
where N is the particle density per unit volume and A is the cross sectional area throughwith
the current flows, i.e., A = Wt, where t is the sample thickness. Eliminating vd from Eq. 3.3






For commonly measured thin samples such as 2DESs, the areal density as opposed
to the volume density is a more informative quantity. Therefore, defining the sheet (areal)





Transport in the longitudinal direction, i.e., in the direction of current flow is






where Vxx is the voltage drop across the sample along the current flow direction (x). While
there is no current flow along the transverse direction, it is instructive to define a transverse








Equation 3.8 reveals that the Hall resistance is independent of the sample size and
geometry, but depends only on the applied magnetic field, the sheet charge density, and
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the polarity of the charge particles. When the applied magnetic field is a known quantity,
the charge density of the 2DES can therefore be determined from the slope of the Hall









The classical Hall effect therefore provides a direct measurement of the charge
density of a 2DES. With the charge density known, the Hall mobility (µHall) of the charge






where N = L/W is the number of squares and L is the distance between the voltage probes
used to measure the longitudinal resistance.
The analysis presented in this section is purely classical and breaks down when
quantum effects come into picture, especially at low-temperatures and in strong magnetic
fields. The following section provides a quantum mechanical treatment of the same system
which more accurately describes the transport phenomena under such conditions.
3.1.2 Quantum Hall Effect
The first indication of the role of quantum phenomena in magnetotransport at low-
temperatures and in strong magnetic fields was reported in 1930 by Lev V. Shubnikov and
Wander J. de Haas, who observed oscillations in the longitudinal resistance of bismuth
crystals as a function of the magnetic field as shown in Fig. 3.2(a) [104]. An even more
striking manifestation of quantum effects was discovered in 1980 by Klaus von Klitzing in
a high mobility Si 2DES. The Hall resistance was found to display plateaux accompanied
by vanishing longitudinal resistance at high magnetic fields as shown in Fig. 3.2(b) [1], a
phenomenon which is now referred to as the quantum Hall effect. The Hall resistance at







where i is an integer and h is the Planck constant. Both the Shubnikov–de Haas oscillations
and quantum Hall effect can be understood by considering the quantum effects on electron
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Figure 3.2: (a) Plot from Shubnikov and de Haas’ observation of oscillatory features in the longitu-
dinal resistance of bismuth as a function of magnetic field. Adapted from Ref. [104]. (b) Plot from
von Klitzing’s discovery of the quantum Hall effect in a Si 2DES. Adapted from Refs. [1, 105].
The Hamiltonian describing the motion of spin-less, non-interacting, massive elec-








where m∗ is the effective mass of electrons in the material hosting the 2DES, p̂ is the
canonical momentum operator, and Â is the magnetic vector potential which is related to
the magnetic field by
B = ∇ × Â (3.13)
In the special case of a perpendicular magnetic field, i.e., B = (0, 0, B) and choosing
























)2 ψ(x, y) = Eψ(x, y) (3.15)
where ψ is the wavefunction, E is the eigenenergy, and ~ is the reduced Planck constant.
Since the Hamiltonian does not depend on y, the wavefunction can be separated into a plane
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wave of y and an unknown function of x as
ψ(x, y) = φ(x)eiky y (3.16)








m∗ω2c (x + x0)
2
]
φ(x) = Eφ(x) (3.17)
where the cyclotron frequency, ωc, is defined as ωc = eB/m∗, and the guiding center, x0, as
x0 = ~ky/eB = l2Bky, where lB =
√
~/eB is the magnetic length, or the characteristic size
of an electron orbit.
Equation 3.17 is the equation of motion for a one-dimensional harmonic oscillator








where nLL = 0, 1, 2, . . . is referred to as the Landau level index and the discrete energies
EnLL are known as the Landau levels, named after Lev Landau who first solved this problem.
The quantization of the electron energy into discrete levels is called Landau quantization.
Therefore, electron wavefunctions in the xy-plane subject to a magnetic field applied
in the z-direction are described by the wavevector ky and the discrete Landau level index
nLL. Since the energy depends only on nLL, each Landau level is degenerate over ky or the
guiding center x0. Figure 3.3(a) shows a schematic of the quantum Hall effect where the
carriers in the interior of the sample are shown to execute circular orbits at several different
x0. A prerequisite for the observation of the quantum Hall effect is that the carriers be
able to execute a full cyclotron orbit before being scattered. This places a lower bound on
the scattering lifetime, τq, as τq > 1/ωc, or equivalently, µq > 1/B, where the quantum
mobility µq = eτq/m∗. Therefore, high-mobility samples, or equivalently, high magnetic
fields are needed to observe the quantum Hall effect.
It can be shown that the Landau level degeneracy is Lx Ly/2πl2B, where Lx and
Ly are the sample dimensions in the x- and y-directions, respectively. Consequently, the
Landau level degeneracy per unit area can be written as 1/2πl2B. Therefore, the density of





where the spin-degeneracy has not been included. There would be an extra factor of two
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Figure 3.3: (a) Schematic of the quantum Hall effect. Carriers (shown here as positively charged
holes) execute cyclotron motion around guiding centers in the interior of the sample. The current
is carried by carriers at the edges executing skipping orbits. (b) Evolution of the density of states
with magnetic field for a spin-degenerate 2DES with disorder broadening. Starting with a constant
density of states at B = 0, the density of states evolve into Landau levels with increasing degeneracy
and spacing (= ~ωc) as the magnetic field increases. The Fermi level is indicated by EF.
The effect of Landau quantization on the density of states of a 2DES is shown in
Fig. 3.3(b). The 2D density of states, which is constant in the absence of a magnetic field
collapses into a series of highly degenerate δ-functions corresponding to the Landau levels
in the presence of a magnetic field [Eq. 3.18]. However, in real samples with disorder,
the δ-functions are broadened into Lorentzian lineshapes, as shown in Fig. 3.3(b). With
increasing magnetic field, the spacing between consecutive Landau levels as well as the
degeneracy of each Landau level increases, so that more electrons are required to fill an
individual Landau level.
At a given magnetic field and 2DES carrier density, the number of filled Landau








There exist special cases when an integer number of Landau levels are exactly filled,
i.e., the Fermi level, EF, lies in the gap between two consecutive Landau levels. Due to
the Pauli exclusion principle, electrons in the filled states cannot scatter into other filled
states of the lower Landau levels. They also cannot scatter into empty states of the higher
unoccupied Landau levels, provided the temperature (T) is low, i.e., kBT  ~ωc; kB is
the Boltzmann constant. Consequently, all scattering events are suppressed, and transport
is dissipationless, with the longitudinal resistance going to zero. For the Hall resistance,
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which is exactly the quantized resistance value of Eq. 3.11.
While the quantized Hall resistance and zero longitudinal resistance are met only at
exact fillings in this framework, i.e., unique values of the magnetic field, experimentally, the
Hall resistance displays plateaux and the longitudinal resistance is zero over a wide range of
magnetic field values around exact fillings. This can be explained by taking into account the
semiclassical localization of electrons due to the inevitable impurities that are responsible
for the Landau level broadening [106]. Figure 3.4 shows two scenarios corresponding to











































Figure 3.4: (a) Energy vs density of states for disorder broadened Landau levels. The Fermi level lies
in the tails of a disorder broadened Landau level, localized in the sample interior and not affecting the
global transport properties. The Hall resistance remains quantized and the longitudinal resistance
remains zero. (b) When the Fermi level lies near the center of a Landau level, the electrons can
scatter among the extended edge states that are responsible for conduction. This causes a non-zero
longitudinal resistance and a transition between Hall resistance plateaux.
The broadened Landau levels are comprised of two types of states, namely localized
states that occupy the tails and extended states that occupy the middle of the Landau levels,
as shown in Fig. 3.4. The localized states result from the impurities in the sample which
create potential variations and trap electrons in tight orbits. These electrons do not affect
the global transport properties because they are not probed by the sample contacts at the
edges. When the Fermi level lies in a localized state, current is carried by edge states
[Fig. 3.3(a)] which are dissipationless, thereby resulting in zero longitudinal resistance and
quantized Hall resistance [Fig. 3.4(a)]. The extended states on the other hand reside at the
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edges of the sample and are responsible for current conduction. When the Fermi levels lies
in an extended state, there can be scattering among the edge states which causes a non-zero
longitudinal resistance and a transition between Hall resistance plateaux [Fig. 3.4(b)].
The effects of electron-spin have thus far been ignored in the analysis presented here.











where g is the electron Landé g-factor, µB is the Bohr magneton, and the plus (+) and
minus (−) signs correspond to the spin-↓ and spin-↑ states of the electron, respectively.
Equation 3.22 states that each Landau level is further split into two energy levels separated
by the Zeeman energy, EZ = gµBB. In the absence of Zeeman splitting, Landau levels occur
in pairs,1 but at high magnetic fields when the Zeeman energy is larger than the disorder
and thermal broadening, the Landau levels are spin-resolved.
A key requirement for the observation of the quantum Hall effect is that the Landau
level energy gaps arewell-resolved and larger than both the disorder and thermal broadening.
This is satisfied at high magnetic fields and low-temperatures in high-mobility samples.
However, at lower magnetic fields, where the Landau levels are not completely separated
from each other, the density of states becomes a continuous periodic function of 1/B, as
shown in Fig. 3.5(a). The periodicity in the density of states at the Fermi level as a function
of varying magnetic field is reflected in the longitudinal resistance as SdH oscillations.
Several key transport characteristics of a 2DES can be extracted from its SdH oscillations.
3.1.3 Analysis of SdH Oscillations
The oscillatory part of the longitudinal resistance (∆Rxx), i.e., only the SdH oscilla-
tions without the background for a single-subband spin-degenerate 2DES can be expressed






















1Transition metal dichalcogenide monolayers are an exception. In the absence of Zeeman splitting, the
zeroth Landau level of semiconducting TMD monolayers is non-degenerate. This topic is discussed in more
detail in Section 4.1.
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Figure 3.5: (a) Schematic of the periodic density of states of a 2DES in a low magnetic field. (b)
Calculated SdH oscillations for a GaAs 2DES with a density of 5 × 1011 cm−2, τq = 1.9 ps, and
T = 1.5 K [top panel] and the corresponding ∆Rxx vs 1/B plot showing oscillations periodic in
1/B [bottom panel]. (c) Fourier transform spectrum of the ∆Rxx vs 1/B data shows a single peak at
f = 10.3 T.
The salient feature of Eq. 3.23 is the oscillatory cosine term periodic in 1/B. Therefore,
plotting ∆Rxx vs 1/B yields oscillations with a characteristic frequency, f , which is related





Figure 3.5(b) shows example SdH ∆Rxx vs B calculated for GaAs 2D electrons
[n = 5 × 1011 cm−2, τq = 1.9 ps, T = 1.5 K] using Eq. 3.23 and the corresponding ∆Rxx
vs 1/B oscillations which are periodic with a period 1/ f . A commonly used technique to
extract the frequency is to perform a Fourier transform (FT) of the ∆Rxx vs 1/B data and
examine the FT amplitude spectrum. Fig. 3.5(c) shows the FT spectrum of the ∆Rxx vs 1/B
data of Fig. 3.5(b). There is one characteristic peak at f = 10.3 T, which yields a 2DES
density, n = 5 × 1011 cm−2, using Eq. 3.25.
Equation 3.25 is valid for the case of a spin-degenerate 2DES with a valley-
degeneracy of one, but can readily be modified to include the spin (Ds) and valley (Dv)
degeneracies as n = DvDs× (e/h)× f . The frequency of SdH oscillations therefore provides
a direct measure of the 2DES density when the valley-degeneracy is known, or more inter-
estingly, can be used to discern the unknown valley-degeneracy of a 2DES by comparing
the frequency of SdH oscillations with the density extracted from the classical Hall effect.
There can be scenarios where the Fourier transforms of SdH oscillations show
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multiple peaks in their amplitude spectra. Figure 3.6(a) shows an example of SdH oscil-
lations calculated for GaAs 2D electrons, similar to Fig. 3.5, but taking Zeeman splitting
into account. The ∆Rxx vs B data show the characteristic spin-splitting of the oscillations
at high magnetic fields. The corresponding FT spectrum shows two peaks at frequencies
f = 10.3T and its second harmonic, 2 f . The degeneracy used to convert the SdH frequency
to a density can seem to vary between 2 or 1 depending on the choice of f or 2 f . This
uncertainty can be reconciled by noting that the 2 f peak is due to spin-splitting of carriers
associated with the f peak, and both peaks with an appropriate choice of degeneracy value
give the same density.
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Figure 3.6: (a) Calculated SdH oscillations for a GaAs 2DES with a density of 5 × 1011 cm−2
accounting for Zeeman splitting [top panel] and the corresponding FT spectrum which shows two
peaks at frequencies f = 10.3 T and 2 f [bottom panel]. (b) Calculated SdH oscillations for a GaAs
2DES with two different subbands with densities n1 = 5 × 1011 cm−2 and n2 = 8 × 1011 cm−2 [top
panel]. The associated FT spectrum shows two peaks at frequencies f1 = 10.3 T corresponding to
n1 and f2 = 16.6 T corresponding to n2 [bottom panel].
Another example is shown in Fig. 3.6(b), which shows SdH oscillations calculated
for a GaAs 2DES with two subbands of densities n1 = 5 × 1011 cm−2 and n2 = 8 ×
1011 cm−2. The∆Rxx vs B data show a characteristic beating pattern indicative of underlying
oscillations with two different frequencies. The two frequencies can be readily distinguished
by inspecting the FT spectrum, which shows two peaks at f1 = 10.3 T corresponding to n1
and f2 = 16.6 T corresponding to n2. The presence of two different subbands in the 2DES
can be recognized this way. Further, electrostatic gating can be used to tune the 2DES
density and provide an extra knob to discern the valley-degeneracies of each subband by
comparing the peak frequencies with the total density.
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It is to be noted that the SdH oscillations and the corresponding FT spectra of
Figs. 3.5 and 3.6 are calculated using the simplified model of Eq. 3.23 and do not capture
all experimental features. In reality, there may be mixing of the oscillations, resulting in
higher harmonics and/or peaks at sums and differences of the component peak frequencies.
Another main transport metric that can be extracted from the SdH oscillations is
the effective mass of carriers in the 2DES. Increasing the temperature decreases the SdH
oscillations’ amplitude due to smearing of the density of states oscillations at the Fermi
level because of thermal broadening. The parameter ξ [Eq. 3.24], which appears in Eq. 3.23
determines the temperature dependence of the SdH oscillations’ amplitude via the Dingle
factor, ξ/ sinh ξ [109, 110]. At a fixed magnetic field, fitting ∆Rxx vs T to the Dingle factor
yields the effective mass.
Figure 3.7(a) shows the calculated SdH oscillations for a GaAs 2DES with a density
n = 5 × 1011 cm−2 and effective mass m∗ = 0.067me at various temperatures between
T = 1.5 K to 4.0 K, which shows the oscillation amplitude decreasing with increasing
temperature. Figure 3.7(b) shows the extracted ∆Rxx values vs T at the ∆Rxx maximum at
B = 0.86T.ADingle factor fit yields the effectivemass asm∗ = 0.067me. The same analysis
can be repeated at different locations of ∆Rxx maxima or minima to generate m∗ values at
different values of magnetic field. A more thorough way of extracting the effective mass,
especially when the SdH oscillations have a background, and/or when multiple subbands
are present in the FT spectrum is to filter the relevant FT peaks, followed by an inverse
Fourier transform, and subsequent extraction, and Dingle factor fitting of ∆Rxx vs T .
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Figure 3.7: (a) Calculated SdH oscillations for a GaAs 2DES with a density of 5 × 1011 cm−2 and
m∗ = 0.067me as the temperature is varied from 1.5 K to 4.0 K. (b) Variation of ∆Rxx vs T at the
∆Rxx maximum at B = 0.86 T [squares] and the corresponding Dingle factor fit [dashed line] which
yields an effective mass, m∗ = 0.067me.
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Apart from the 2DES density, degeneracy, subband populations, and effective mass,
the SdH oscillations can also be used to map out the Fermi surface of a material by
determining the periods of oscillations for various applied magnetic field directions. This
is one of the common techniques used in Fermiology, the study of Fermi surfaces.
3.2 Monolayer and Bilayer WSe2 Hall Bar Samples
The high hole mobilities of WSe2 as discussed in Chapter 2 make it feasible to
perform magnetotransport measurements in the quantum Hall regime within the range of
magnetic fields accessible with a typical superconducting magnet. Given the versatility of
SdH oscillations in uncovering the transport properties of a 2DES, the following sections
of this chapter discuss measurements and analyses of SdH oscillations in monolayer and
bilayer WSe2 Hall bar devices. Monolayer and bilayer WSe2 were specifically chosen
instead of thicker WSe2 in light of their simpler bandstructures.
To further reduce surface roughness and charged impurity scattering in the channel
compared to the samples of Chapter 2, the WSe2 samples used for this study were encapsu-
lated in h-BN and the Pt bottom-contacts were patterned in a Hall bar geometry to enable
simultaneous measurement of Rxx and Rxy. Four WSe2 samples, two monolayers, LD71
and LD103, and two bilayers, LD63 and LD99B were investigated in this study, all with
consistent results. The samples’ details are listed in Appendix A. The data presented in
Secs. 3.2−3.5 are from monolayer LD103 and bilayer LD99B.
Figure 3.8(a) shows the schematic cross section of a dual-gated h-BN encapsulated
WSe2 device and Fig. 3.8(b) shows the optical micrograph of bilayer LD99B, a typical
WSe2 Hall bar device, along with the magnetotransport measurement configuration. The
samples were fabricated using the same “pick and place” technique [79] of Chapter 2 with
the only addition of a bottom h-BN flake as the substrate. The monolayer and bilayer WSe2
flakes were chosen to match the size and shape of the prepatterned Pt contacts as closely as
possible, and the Pd top-gate was patterned to entirely cover the WSe2 flake. The detailed
fabrication process flow and techniques are described in Appendix B.
The samples were cooled in a variable temperature insert coupled to a 14 T super-
conducting magnet in an Oxford 4He cryostat. Preliminary DC electrical measurements
were conducted using a semiconductor parameter analyzer (Agilent 4156C). Figure 3.9(a)
shows the two-point transfer characteristics, ID vs VTG for bilayer LD99B at room temper-
ature (RT) and 1.5 K. The apparent shift in the threshold voltage is similar to the devices
of Chapter 2 and can be attributed to high-resistance contacts at low |VTG |, especially at

















Figure 3.8: (a) Schematic cross section of a dual-gated h-BN encapsulatedWSe2 device. (b) Optical
micrograph of LD99B, a typical WSe2 Hall bar sample, along with the measurement configuration.
The top-gate, Pt contacts, and WSe2 flake are outlined by yellow, red, and black lines, respectively.
The scale bar is 10 µm.
which decreases with decreasing temperature, indicative of increased mobility at 1.5 K. The
noise in the 1.5 K R4pt data at low |VTG | values are due to high-resistance contacts which

















































Figure 3.9: (a) ID vs VTG in bilayer LD99B shows an apparent threshold voltage shift when the
sample is cooled from RT to T = 1.5 K. (b) The corresponding R4pt vs VTG shows a decrease of R4pt
with decreasing temperature, indicative of higher mobility at 1.5 K. The noise in the 1.5 K data at
low |VTG | values stems from an increased contact resistance. Data for this particular sample were
collected only for VTG values . −5 V, where the noise is absent.
The devices were subsequently characterized in perpendicular magnetic fields up
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to B = 14 T using small-signal excitation current, I = 10 nA, low-frequency (9 − 13 Hz)
lock-in techniques, keeping in mind the useful range ofVTG required for reliable Rxx and Rxy
measurements. Typical measurements involved magnetic field sweeps (≤ 0.3 T/minute) at
a fixed top-gate and back-gate bias, i.e., a fixed hole density, p.
Examples of Rxx and Rxy vs B at T = 1.6 K and a fixed hole density for monolayer
WSe2 LD103 [VTG = −6 V; VBG = 0 V] and bilayer WSe2 LD99B [VTG = −6.25 V;
VBG = 0 V] are shown in Figs. 3.10(a) and 3.10(b), respectively. Both the plots show well-
defined SdH oscillations starting at B ' 4 − 5 T, indicative of their high hole mobilities.
The oscillatory features in Rxy at high B-fields stem from mixing with Rxx , in part due to
the irregularly shaped WSe2 flake shape and the resultant departure from an ideal Hall bar
geometry. Some of these effects can be corrected for by anti-symmetrizing the Rxy data
collected in positive and negative B-fields, i.e., Rxy = (Rxy,B+ − Rxy,B−)/2 . The hole Hall
densities were extracted from the low-field slope of the anti-symmetrized Rxy vs B data
using Eq. 3.9.


































































Figure 3.10: (a) Rxx and Rxy vs B for monolayer WSe2 LD103 at VTG = −6 V, VBG = 0 V, and
T = 1.6 K where p = 7.9 × 1012 cm−2; the two lowest filling factors at ν = 26 and 28 are indicated.
(b) Rxx and Rxy vs B for bilayer WSe2 LD99B at VTG = −6.25 V, VBG = 0 V, and T = 1.6 K where
p = 7.1 × 1012 cm−2. The two filling factors at ν = 24 and 26 are indicated.
To ascertain the Landau level degeneracy of the WSe2 holes, the filling factors at
the Rxx minima can be extracted using Eq. 3.20 as ν = ph/eB. The filling factors for
both monolayer and bilayer WSe2 are found to be even, hinting at a two-fold Landau level
degeneracy for holes in monolayer and bilayer WSe2. A different approach to analyze the
Landau level degeneracies is through an FT analysis of the SdH data and is discussed in the
next section.
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3.3 Fourier Analysis of Monolayer WSe2 SdH Oscillations
Thanks to knobs in the form of electrostatic gates, the WSe2 SdH oscillations can be
analyzed as a function of varying hole densities, and their Landau level degeneracies can be
determined by comparing the SdH oscillations’ frequencies with hole densities determined
from Hall measurements. Figure 3.11(a) shows a set of Rxx vs B data for monolayer WSe2
LD103 at different VTG values, VBG = 0 V, and T = 1.6 K. The SdH oscillations respond to
VTG, i.e., the hole density, as expected.
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Figure 3.11: (a) Rxx vs B for monolayer WSe2 LD103 at different VTG values, VBG = 0 V, and
T = 1.6 K. (b) FT amplitude vs frequency corresponding to the Rxx vs 1/B data of panel (a); the
traces are shifted for clarity. The dashed line tracks the peak at frequency f and is a guide to the eye.
In contrast to the simplifiedmodel of Eq. 3.23 andFig. 3.5, theWSe2 SdHoscillations
of Fig. 3.11(a) are added onto on a backgroundmagnetoresistancewhich needs to be removed
before performing the Fourier transform. First, a third order polynomial was subtracted from
the Rxx vs 1/B data in order to remove the slowly (in comparison to the SdH oscillations’
period) varying background and center the oscillations around zero. The data were then
multiplied by a Hamming window to reduce artifacts associated with a finite 1/B range
before finally applying a fast Fourier transform algorithm. Figure 3.11(b) shows the FT
amplitude spectra of the Rxx vs 1/B data of Fig. 3.11(a) calculated this way.
The FT data for all VTG show a principal peak at a frequency f , along with a small
peak at its second harmonic, 2 f , due to spin-splitting at high B-fields. The peaks near
zero-frequency are Fourier transform artifacts due to the residual background. Both the
f and 2 f peaks increase in frequency with increasing |VTG |, i.e., with increasing density.
The presence of a single principal peak in the FT data signals the population of a single
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WSe2 subband, most likely the upper valence band. This finding is consistent with the large
(> 0.4 eV) spin–orbit induced splitting of the valence band of WSe2 [32].
The FT peak frequencies of Fig. 3.11(b) can be converted into a density using
Eq. 3.25 with the appropriate degeneracy factor. In light of Fig. 3.10(a) data which suggest
a two-fold degeneracy, the FT density can be tentatively calculated as p = (2e/h) × f
and compared with the Hall density values. Figure 3.12 shows p vs VTG calculated from
the FT data and from Hall measurements. The close agreement between the two density
values confirms the assignment of a Landau level degeneracy of two in monolayer WSe2,
consistent with the coupled spin-valley degrees of freedom in TMD monolayers [33].
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Figure 3.12: p vs VTG calculated from Hall measurements and the FT frequency, p = (2e/h) × f for
monolayer WSe2 LD103. The close match between the two density values corroborates the two-fold
Landau level degeneracy in monolayer WSe2.
A noteworthy observation that can be made from Fig. 3.12 data is that extrapolating
the measured p vs VTG data to p = 0 yields an onset of the valence band population at
VTG ' 0 V, implying that the WSe2 flakes are close to intrinsic at low-temperatures. The
experimentally accessible range of densities however has a lower bound, predominantly
limited by disorder close to the band edge, and/or high-resistance contacts at low |VTG |
values.
3.4 Fourier Analysis of Bilayer WSe2 SdH Oscillations
A similar analysis can be carried out for bilayer WSe2 to determine its Landau level
degeneracy and subband populations. Figure 3.13(a) shows a set of Rxx vs B for bilayer
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WSe2 LD99B at different VBG values, fixed VTG = −6.5 V, and T = 1.6 K. All the traces
show SdH oscillations markedly dependent on VBG, along with a beating pattern at negative
VBG values. Figure 3.13(b) shows the corresponding FT spectra of the Rxx vs 1/B data of
Fig. 3.13(a).
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Figure 3.13: (a) Rxx vs B for bilayer WSe2 LD99B at different VBG values, VTG = −6.5 V, and
T = 1.6 K. (b) FT amplitude vs frequency corresponding to the Rxx vs 1/B data of panel (a); the
traces are shifted for clarity. At negative VBG, an additional peak, f ′, emerges and the peak at f no
longer responds to VBG. The dashed lines are a guide to the eye.
Similar to monolayer WSe2, the FT spectra at positive VBG values shows a principal
peak at f and its second harmonic at 2 f . For positive VBG, both the f and 2 f peaks’
frequencies increases with reducing VBG, i.e., with increasing density. However, at VBG =
−40 V, the FT data show an additional peak at a lower frequency, f ′, consistent with the
corresponding Rxx vs B beating pattern. Concomitantly, the f and 2 f peaks also shift
to a slightly lower frequency compared to their values at VBG = 0 V. The f ′ peak and its
corresponding Rxx vs B beating pattern are absent in monolayerWSe2 and suggest an origin
unique to the bilayer WSe2 system, possibly a second subband being populated.
To investigate the origin of the f ′ peak, a second set of Rxx vs B data at a different
value of VTG = −5.75 V were collected and their corresponding FT spectra computed.
Figure 3.14(a) summarizes the f and f ′ frequency values vsVBG for the two datasets. There
are several noteworthy features in Fig. 3.14(a) data. First, both the f and f ′ peak frequencies
depend linearly onVBG, albeit in different regimes. While f responds to positiveVBG values,
f ′ responds to negative VBG values. Second, the emergence of the f ′ peak at negative VBG
coincides with the f peak frequency becoming weakly dependent on VBG. Third, at a fixed
VBG the f peak frequency increases with |VTG |, suggesting that f responds to the carrier
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density induced by the top-gate. When present, the f ′ peak frequency is insensitive to VTG,
but depends linearly on VBG, suggesting that f ′ responds to the carrier density induced by
the back-gate.
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Figure 3.14: (a) FT peaks frequencies f and f ′ vs VBG for bilayer WSe2 LD99B at VTG = −5.75 V
and −6.50 V. (b) p vs VBG corresponding to the VTG = −6.50 V FT data of panel (a) and from Hall
measurements. The f peak corresponds to holes in the top layer and f ′ to holes in the bottom layer
of bilayer WSe2. The total FT density p = (2e/h) × ( f + f ′) matches closely with the Hall density.
The shaded area indicates the region where the bottom layer is depopulated.
The combined dependence of the f and f ′ peaks on VBG and VTG suggest the
following interpretation for their origin. The peak f is determined by the hole density in
the top layer of bilayer WSe2 and the peak f ′ by the hole density in the bottom layer of
bilayer WSe2. For positive VBG values, the bottom layer is fully depleted, while the top
layer is populated by the applied VTG. Consequently, only the f peak appears in this regime.
Further, since the top layer can be depleted by both VTG and positive VBG, the f peak
responds to both VTG and positive VBG values. A negative VBG, on the other hand, populates
the bottom layer with holes. The f ′ peak therefore appears in this regime. When both the
layers are populated, the f and f ′ peaks respond largely to VTG and VBG, respectively, and
are insensitive to the opposite gate due to screening.
To verify this interpretation, Fig. 3.14(b) shows a comparison of p vsVBG determined
fromHallmeasurements and from the FTdata, assuming a two-fold Landau level degeneracy
for both peaks. The Hall density matches closely with the FT density, p = (2e/h)× ( f + f ′),
justifying the interpretation that f and f ′ are determined by the top and bottom layer
densities, respectively, and also proves the two-fold Landau level degeneracy assignment
for both the top and bottom layer subbands of bilayer WSe2. Resolving individual layer
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densities in bilayer WSe2 indicates that the layers are weakly coupled, and can effectively
be treated as two monolayers of WSe2. This behavior in bilayer WSe2 is similar to the layer
density dependence on gate-bias in GaAs double quantum wells separated by a tunneling
barrier [111].
Another interesting feature of Fig. 3.14 data is that the frequency f , and therefore
the top layer density decreases with increasing total density whenVBG is negative, i.e., when
the bottom layer is populated. This behavior is a consequence of negative compressibility
of holes in the bottomWSe2 layer as a result of electron-electron interactions. The decrease
of the top layer density can be explained as follows. At equilibrium, the Fermi level has to
be the same in both the layers. This necessitates the top layer density, which is a proxy for
its Fermi level, to track the bottom layer Fermi level [112]. If negative compressibility in the
bottom layer causes its Fermi level to decrease with increasing density, the top layer density
consequently mirrors this decrease. Similar observations of negative compressibility have
been made for 2DESs in GaAs [113], metal oxide heterojunctions [114], and even TMDs
such as MoS2 [112], and bulk WSe2 [115].
3.5 Effective Mass of Holes in Monolayer and Bilayer WSe2
This section discusses the temperature-dependence of the SdH oscillations in mono-
layer and bilayer WSe2 in order to extract their hole effective masses. Figure 3.15(a) shows
Rxx vs B for monolayer WSe2 LD103 at p = 7.9 × 1012 cm−2, and at temperatures ranging
between T = 1.6 K and 7.0 K. The SdH oscillations’ amplitude decreases with increasing
temperature as expected.
Given the non-zero background in the data, a Fourier analysis was performed to
more accurately extract the corresponding ∆Rxx vs T data. Figure 3.15(b) shows the FT
spectra of the Rxx vs 1/B data of Fig. 3.15(a). A band-pass filter centered at the peak
of interest at f [shaded region in Fig. 3.15(b)] was then applied and an inverse Fourier
transform performed to yield the ∆Rxx vs 1/B data at different temperature values, as
shown in Fig. 3.15(c). At a fixed B-field, the ∆Rxx vs T data was fitted to the Dingle factor,
ξ/ sinh ξ, where ξ = 2π2kBT/~ωc [Eq. 3.24] to obtain m∗ at that particular value of B [inset
of Fig. 3.15(c)]. Figure 3.15(d) summarizes the extracted values of m∗/me vs B. The value
of m∗ is 0.45me, and is insensitive to the B-field.
Figure 3.16 shows a similar set of data for bilayer LD99B at p = 9.8 × 1012 cm−2
[VTG = −6.50 V, VBG = −40 V], chosen specifically in order to populate both the bilayer
subbands. Figure 3.16(a) show the Rxx vs B data and Fig. 3.16(b) the corresponding FT
amplitude vs frequency of the Rxx vs 1/B data. The FT spectra show two principal peaks
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Figure 3.15: (a) Rxx vs B for monolayer WSe2 LD103 at p = 7.9 × 1012 cm−2, and varying
temperature. (b) FT amplitude vs frequency of the Rxx vs 1/B data of panel (a). (c) ∆Rxx vs 1/B
calculated from the inverse FT of panel (b) data after isolating the peak f , shown by the shaded
region in panel (b). Inset: Dingle factor fit (line) to the ∆Rxx vs T data extracted at B = 7.8 T
(symbols). (d) Summary of m∗/me vs B yields an m∗ = 0.45me, nearly independent of B.
labeled f (top layer subband) and f ′ (bottom layer subband). Similar to the monolayer case,
band-pass filters were centered at each individual peak and their inverse Fourier transforms
computed. The ∆Rxx contributions of each peak can be deconvoluted this way to calculate
the effective mass associated with each peak (subband). Figure 3.16(c) shows the ∆Rxx
vs 1/B data obtained from the inverse Fourier transform of the filtered f ′ peak. Finally,
performing Dingle factor fits for ∆Rxx vs T obtained from both the f and f ′ peaks yields
their corresponding m∗/me values, as summarized in Fig. 3.16(d). Both the top and bottom
layer subbands have the same m∗ = 0.45me, in agreement with Fig. 3.15(d) for monolayer
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WSe2.
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Figure 3.16: (a) Rxx vs B for bilayer WSe2 LD99B measured at p = 9.8 × 1012 cm−2, and varying
temperature. (b) FT amplitude vs frequency corresponding to the Rxx vs 1/B data of panel (a). The
peaks f and f ′ are independently filtered [shaded regions] and their corresponding inverse Fourier
transforms computed. (c) ∆Rxx vs 1/B of the inverse Fourier transform corresponding to peak f ′ of
panel (b) data. (d) Summary of m∗/me vs B yields an m∗ = 0.45me for both the peaks (subbands)
of bilayer WSe2.
The fact that the m∗ values associated with the two bilayer subbands are close, and
similar to that of monolayer WSe2 further confirms that the two subbands correspond to the
two layers of bilayer WSe2. Reported theoretical m∗/me values for the upper valence band
in monolayer WSe2 include 0.33 [116], 0.34 [117], 0.36 [118, 119], 0.43 [120], 0.46 [36],
and 0.51 [88]. Recent Landau level spectroscopy measurements of monolayer WSe2 holes
report an m∗ = 0.5me [121].
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3.6 Density-Dependence of Hole Effective Mass
The effective mass in semiconductors, to first order, depends only on the parabolicity
of the bands and is expected to be independent of the carrier density. However, in the
presence of electron-electron interaction effects, especially at low-densities, the effective
mass has been reported to vary as a function of density. For instance, the effective mass has
been reported to increase with decreasing density in Si [122], GaAs [123], and AlAs [124]
2D electrons, but also to decrease with decreasing density in GaAs [125] and spin-polarized
AlAs [126] 2D electrons.
To investigate the effect of interactions on the hole effective mass in WSe2, the
SdH oscillations’ temperature-dependence was studied as a function of varying density.
Figure 3.17 shows the extracted m∗/me vs B data at various density values from p = 1.4
to 7.6 × 1012 cm−2 for a bilayer WSe2 sample, LD163. The gate-bias values were chosen
such that only the top layer is populated with holes, rendering the bilayer equivalent to a
monolayer in this regime. The value of m∗ ' 0.45me and is nearly independent of the
density. These data suggest that interaction effects have a negligible impact on the effective
mass of WSe2 in the range of density values probed here.





























Figure 3.17: Summary of m∗/me vs B measured at various hole densities in bilayer LD163, where
only the top layer subband is occupied. The m∗ values are nearly independent of density in the range
of densities probed.
3.7 Interlayer Coupling in Bilayer WSe2
The tunability of individual layer densities hints at a weak interlayer coupling be-
tween the constituent layers of bilayer WSe2. This is in contrast to Bernal stacked bilayer
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graphene, where the strong interlayer coupling (' 0.4 eV) alters its bandstructure compared
to monolayer graphene, and prevents independent tuning of layer densities. An experimen-
tal measurement of the interlayer coupling in bilayer WSe2 can be made by balancing the
top and bottom layer densities, and measuring the subband splitting at the anti-crossing of
the f and f ′ peaks [127].
Figure 3.18(a) shows the FT spectra and Fig. 3.18(b) the associated p vsVBG data for
bilayerWSe2 LD201, corresponding to a set of Rxx vs B datameasured at fixedVTG = −7.5V
and varying VBG = −8.0 to 3.0 V. The data show two peaks, f and f ′, for VBG ≤ −2.0 V,
characteristic of two populated subbands in bilayer WSe2. Similar to Fig. 3.14 data, the f ′
peak frequency increases, while the f peak frequency remains relatively unchanged with
increasing |VBG | in this regime. Interestingly, the two peaks merge into one atVBG = −7.0V,
before splitting again at VBG = −8.0 V. The merging of the two peaks is indicative of equal
hole densities in the two subbands, up to a resolution limit determined by the FT peak width,
and places an upper bound on the interlayer coupling [127].
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Figure 3.18: (a) FT amplitude vs frequency corresponding to the Rxx vs B data for bilayer WSe2
LD201 at a fixed VTG = −7.5 V and varying VBG values from −8.0 V to 3.0 V, in steps of 1 V. The
spectra are shifted for clarity. The dashed lines are a guide to the eye and track the f and f ′ peaks.
The f and f ′ peaks merge into one peak at VBG = −7 V. (b) p vs VBG corresponding to the FT data
of panel (a) and from Hall measurements.
The FT peak width at VBG = −7.0 V of 13 T corresponds to a density difference
between the two subbands not greater than 0.63 × 1012 cm−2. Using a density of states,
m∗/π~2 = 1.88 × 1014 cm−2eV−1, this yields a maximum subband separation of 3.4 meV,
a value much smaller than theoretical estimates. Theoretical estimates of the interlayer
coupling in bilayer WSe2 range from 60 meV [120] to 67 meV [128].
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3.8 Summary
In summary, magnetotransport measurements in monolayer and bilayerWSe2 reveal
well-defined SdH oscillations, a bona fide signature of high-mobility holes inWSe2. Fourier
analyses of the SdH oscillations evince important electronic transport properties such as
two-fold degenerate Landau levels, and a hole effective mass of m∗ = 0.45me in both
monolayer and bilayer WSe2. The bilayer data also reveal carrier localization in the two
constituent layers, signifying a weak interlayer coupling for holes in the K and K′ valleys.
Bilayer WSe2 is therefore closely similar to monolayer WSe2 for non-negative back-gate
biases, i.e., when the bottom layer is unpopulated. When populated, holes in the bottom layer
of bilayer WSe2 show evidence of negative compressibility, as a result of electron-electron
interactions, stemming from their large effective mass.
Interaction effects are expected to be a strong function of the carrier density, and
can be probed by a systematic density-dependence of the quantum Hall states. A more
detailed study of the quantum Hall effect in high magnetic fields would also give insights
into the Landau level degeneracies, their splittings, and the contribution of the spin and
valley Zeeman energies. The measurements and findings of this chapter lay the foundation
for more extensive measurements in higher magnetic fields, and over a wider range of
densities, which are the focus of the next chapter.
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Chapter 4
Density-Dependent Quantum Hall States and Zeeman
Splitting in Monolayer and Bilayer WSe2
The strong spin–orbit coupling and broken inversion symmetry in 2H-TMD mono-
layers leads to coupled spin and valley degrees of freedom [33], resulting in two-fold
degenerate Landau levels in low magnetic fields. In contrast, graphene 2DESs display four-
fold spin-valley degenerate Landau levels in low magnetic fields which evolve into more
interesting broken-symmetry quantum Hall states at low-densities and in high magnetic
fields, driven by electron-electron interactions and Zeeman splitting [130, 131, 132].
A question to ask is what happens to the WSe2 quantum Hall states at low-densities
and in high magnetic fields. The Zeeman effect is expected to be strong in TMDs due to the
large magnetic moment of the d-orbitals which make up the conduction and valence band
states in the K and K′ valleys [33]. Magneto-optical measurements of TMD monolayers
have reported accordingly large exciton g-factors from luminescence shifts in magnetic
fields [133, 134, 135, 136, 137, 138]. The exciton g-factor, however, could be different from
the g-factor of either electrons or holes, and may not capture interaction effects that are
expected to be strong in TMDs. Traditionally, magnetotransport has been used to determine
the effective g-factor (g∗) and interaction effects in several 2DESs [124, 139, 140], hindered
thus far in TMDs due to poor electrical contacts and mobilities.
In continuation to Chapter 3, this chapter focuses on magnetotransport in monolayer
and bilayer WSe2 in the quantum Hall regime. The quantum Hall states (QHS) reveal
interesting transitions between predominantly even and predominantly odd filling factors as
the hole density is tuned, which can be explained by a Zeeman-to-cyclotron energy ratio that
changes as a function of density due to strong electron-electron interactions. Further, tilted
magnetic field measurements reveal that the QHS are insensitive to the in-plane magnetic
field, implying that the hole-spin is locked perpendicular to the WSe2 plane.
Portions of this chapter have been published as Ref. [129]: H. C. P. Movva, B. Fallahazad, K. Kim,
S. Larentis, T. Taniguchi, K. Watanabe, S. K. Banerjee, and E. Tutuc, “Density-Dependent Quantum Hall
States and Zeeman Splitting in Monolayer and Bilayer WSe2,” Phys. Rev. Lett., vol. 118, no. 24, p. 247701,
2017. The dissertator, H. C. P. Movva, contributed to the WSe2 sample fabrication, characterization, data
analysis, and writing the paper.
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4.1 Quantum Hall Effect in Monolayer TMDs
The analysis of the quantum Hall effect in Sec. 3.1.2 was carried out for carriers in
a parabolic band, without taking into account material specific details such as the lattice
symmetries, spin–orbit coupling, and their associated effects on the electronic bandstructure.
A more accurate picture of the quantum Hall effect in TMDs in general, and WSe2 in
particular, can be obtained by considering such details as follows.
Two salient features of 2H-TMDmonolayers which distinguish them from graphene,
and which are responsible for their interesting electronic bandstructure are the breaking of
inversion symmetry, and strong spin–orbit coupling due to the heavy metal atoms [32, 33].
The k · p Hamiltonian describing the bandstructure of 2H-TMD monolayers in the vicinity
of the K and K′ points of the hexagonal Brillouin zone is similar to that of graphene, but
with an energy difference between the two sublattices due to inversion symmetry breaking,
and is given by [116]
H = vF(pxτσx + pyσy) + ∆σz − λτsσz + λτs (4.1)
where vF = ath/~ is the Fermi velocity; a is the in-plane lattice constant, th is the effective
hopping integral, p is the momentum operator, σ denote the Pauli matrices, τ = ±1 is the
valley index (+1 for K and −1 for K′), s = ±1 denotes the electron spin-↑ and spin-↓, ∆ is
a measure of the energy gap, and λ is a measure of the spin-splitting in the valence band
caused by spin–orbit coupling.1
Solving the Hamiltonian yields the energy dispersions as
E± = λτs ±
√
vF2p2 + (∆ − λτs)2 (4.2)
where ± stand for the conduction and valence bands, respectively. Figure 4.1(a) shows
the bandstructure of monolayer WSe2 in the vicinity of the K and K′ points calculated
using Eq. 4.2 and parameters from Ref. [33]. The upper and lower valence band maxima
correspond to τs = 1 and τs = −1, respectively. In other words, the spin (s) and valley (τ)
degrees of freedom are coupled at the K and K′ points.2
In the presence of a perpendicular magnetic field, the Hamiltonian of Eq. 4.1 can
be modified to include the magnetic vector potential (A) by replacing p with p + eA/c; c
is the speed of light. To focus on the influence of the inversion asymmetry and spin–orbit
1The notations for ∆ and λ in Ref. [116] are the same as in Ref. [33] scaled by a factor of 1/2.
2The conduction band states are also spin-valley locked, butmore advancedmodels are needed to accurately
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Figure 4.1: (a) Bandstructure of monolayer WSe2 near the K and K ′ points calculated using Eq. 4.2
and parameters from Ref. [33]. (b) The corresponding Landau level spectrum of the upper valence
band calculated using Eq. 4.3. The nLL = 0 Landau level is non-degenerate and nLL > 0 Landau
levels are two-fold degenerate. Adapted from Ref. [116].
coupling, Zeeman coupling and interaction effects are neglected, and Eq. 4.1 solved to
obtain the Landau level spectrum at K and K′ as [116]
EnLL,± = λτs ±
√
nLL~2ω2c + (∆ − λτs)2 (4.3)
where ωc =
√
2vF/lB is the cyclotron frequency; lB =
√
~/eB, and nLL is the Landau
level index. The four nLL = 0 Landau levels are broken into a two-fold spin-degenerate
conduction band nLL = 0 Landau level at the K valley, and two spin-split upper and lower
valence band nLL = 0 Landau levels at K′ [116]. Figure 4.1(b) shows the Landau level
spectrum of the upper valence band where the nLL = 0 Landau level is non-degenerate and
resides in the K′ valley (spin-↓ state) and nLL > 0 Landau levels are two-fold degenerate,
consisting of one spin-↑ state from one valley and one spin-↓ state from the other valley.
Therefore, quantum Hall states are expected at odd filling factors, i.e., ν = 1, 3, 5, . . . when
only the upper valence band is populated.
However, the data of Fig. 3.10 show even filling factors, in apparent disagreement
with this picture. This can be explained by considering the Zeeman contribution to the
Landau level energies. Expanding Eq. 4.3 at low nLLB, and defining an effective mass
m∗ = (∆− λ)/v2F and the upper valence band energy ∆V = −∆+ 2λ yields the Landau level
spectrum for the upper valence band in the absence of Zeeman splitting as
EnLL,V = ∆V − nLL~ωc (4.4)
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where ωc = eB/m∗ is the usual cyclotron frequency. Adding the spin and valley Zeeman
contributions gives







where gs and gv are the spin and valley g-factors, respectively, τ = s = ±1 for the upper
valence band, and µB is the Bohr magneton. Theoretically, gs = 2 and |gv | = gd+2α, where
the first term, gd , stems from the d-orbital magnetic moment, and the second, α = me/m∗,
is associated with the valley Berry phase [143]. Comparing the Zeeman contributions in
Eq. 4.5 with Eq. 3.22, an effective g-factor (g∗) can be defined tentatively3 as g∗ = gs + gv,
which in turn determines the Zeeman splitting in WSe2 as EZ = g∗µBB.
Given the large m∗ of holes in WSe2, the Zeeman contribution can substantially
alter the Landau level spectrum. For instance, certain values of the Zeeman energy can
bring into alignment the non-degenerate nLL = 0 Landau level with the spin-↑ state of the
nLL = 1 Landau level, and so on, transforming the filling factors to ν = 2, 4, 6, . . . The
following sections discuss magnetotransport measurements in monolayer and bilayer WSe2
aimed towards revealing the role of Zeeman splitting on the Landau level spectrum, and in
turn, determining the effective g-factor of holes in WSe2.
4.2 Quantum Hall Effect in Monolayer and Bilayer WSe2
Achieving low filling factors in magnetotransport requires access to low carrier
densities and high magnetic fields. Compared to an Si/SiO2 back-gate, a local metal back-
gate with an h-BN dielectric allows more effective depletion of the WSe2 channel, and
permits access to lower hole densities. Further, a metal back-gate has also been shown to
screen charged impurities from the SiO2 substrate, yielding higher quality samples with
lower disorder [144].
Figure 4.2(a) shows the schematic cross section of an h-BN encapsulated WSe2
device with local top- and back-gates, and Fig. 4.2(b) the optical micrograph of bilayer
LD123, a typical WSe2 Hall bar sample of this structure. The local back-gated samples
were fabricated following the same steps as in Chapters 2 and 3, but with the addition of
a local metal back-gate underneath the bottom h-BN substrate. The detailed fabrication
process and techniques are described in Appendix B and the samples’ details in Appendix A.
3The effective g-factor is a more complicated function of the material bandstructure and electron-electron












Figure 4.2: (a) Schematic cross section of an h-BN encapsulated WSe2 device with a metal local
back-gate. (b) Optical micrograph of LD123, a typical local back-gated WSe2 Hall bar sample. The
top-gate, Pt contacts, WSe2 flake, and back-gate are outlined by yellow, red, black, and white dashed
lines, respectively. The scale bar is 10 µm.
In order to access magnetic fields higher than 14 T, the samples were cooled in
a variable temperature insert coupled to a 35 T resistive magnet at the National High
Magnetic Field Laboratory in Tallahassee, Florida. Magnetotransport was probed using
standard small-signal excitation current, I = 10 nA, low-frequency (9 − 13 Hz) lock-in
techniques, similar to Chapter 3. At a fixed hole density, the magnetic field was swept at
1 T/minute, and the Rxx and Rxy data recorded as a function of B. Examples of Rxx and
Rxy vs B at T = 1.5 K and at a fixed hole density p = 4.6 × 1012 cm−2 for monolayer
WSe2 LD108 [VTG = −8.5 V, VBG = 4.0 V] and at p = 1.6 × 1012 cm−2 for bilayer WSe2
LD123 [VTG = −5.8 V, VBG = 6.8 V] are shown in Figs. 4.3(a) and 4.3(b), respectively.
It is noteworthy that these density values are lower than the typical densities attainable in
samples with Si/SiO2 back-gates.
Both the monolayer and bilayer Rxx vs B data show well-defined SdH oscillations
starting at B ' 5 T. At high B-fields, the Rxx minima evolve towards zero resistance,
accompanied by plateaux in Rxy, signifying developingQHS. The filling factors, ν = ph/eB,
corresponding to the Rxx minima are marked along with the expected quantized values of
Rxy at h/νe2. The filling factors of Figs. 4.3(a) and 4.3(b) are found to be predominantly odd
in the low B-field regime, in stark contrast to the low B-field Rxx vs B data of Fig. 3.10 which
show even filling factors. Furthermore, the data of Fig. 4.3(b) show QHS at consecutive
integral filling factors (ν = 2, 3, 4, . . .) for B > 10 T, signifying a lifting of the two-fold
Landau level degeneracy.
While odd filling factors are expected for TMDs in the absence of Zeeman splitting
[116, 145], it contrasts and brings into question the observation of even filling factors in
Chapter 3 data. To investigate the origin of this difference, magnetotransport measurements
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Figure 4.3: (a) Rxx and Rxy vs B for monolayer WSe2 LD108 measured at T = 1.5 K and p =
4.6 × 1012 cm−2. (b) Rxx and Rxy vs B for bilayer WSe2 LD123 measured at T = 1.5 K and
p = 1.6×1012 cm−2. The filling factors, ν, corresponding to the Rxx minima are labeled, along with
quantized Rxy plateaux, when present.
were performed as a function of varying density in both monolayer and bilayer WSe2. All
the bilayer data presented in this chapter are for gate-biases where only the top layer subband
is populated, and are therefore closely similar to monolayer data, albeit with a dissimilar
dielectric environment.4 For the subsequent discussion, the term “QHS sequence” is used
to denote the sequence of the QHS filling factors in the low B-field regime, such that the
Landau level degeneracy is not fully lifted.
4.3 Density-Dependent Quantum Hall States Sequence
Figures 4.4(a) and 4.4(b) show Rxx and Rxy vs B measured in bilayer WSe2 LD123
at two other density values, p = 3.9 × 1012 cm−2 and p = 5.3 × 1012 cm−2, respectively.
While the data at p = 3.9 × 1012 cm−2 show an odd QHS sequence, the QHS sequence is
even at p = 5.3 × 1012 cm−2. This is also apparent in the high B-field data based on the
stronger Rxx minima at the filling factors marked in Fig. 4.4, in comparison to their adjacent
weaker minima which arise from spin-splitting at high B-fields. Alternation of the QHS
sequence between even and odd filling factors depending on the density hints at a systematic
density-dependence of the QHS sequence.
4While a monolayer has only h-BN as the bottom dielectric, a bilayer biased to populate only the top layer
has an unpopulated WSe2 bottom layer which alters the dielectric environment of holes in the top layer.
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Figure 4.4: (a) Rxx and Rxy vs B for bilayer WSe2 LD123 at p = 3.9 × 1012 cm−2 show QHS at
predominantly odd filling factors. (b) Rxx and Rxy vs B for the same bilayer LD123 at a different
density p = 5.3 × 1012 cm−2 show QHS at predominantly even filling factors.
Figure 4.5(a) shows Rxx vs ν for bilayer WSe2 LD123 at various density values from
p = 6.1 × 1012 cm−2 to 2.4 × 1012 cm−2. The data at p = 6.1 × 1012 cm−2 show strong
Rxx minima at even filling factors, and weakly developing minima at odd filling factors for
ν < 16, hence an even QHS sequence. As the density is reduced to 4.4 × 1012 cm−2, the
minima at odd filling factors get stronger and become equal in strength to the minima at
even filling factors. The QHS sequence at this density cannot be unambiguously classified
as even or odd. Further reduction of the density to 3.9 × 1012 cm−2 makes the odd filling
factors stronger than the even filling factors, rendering theQHS sequence odd. The oddQHS
sequence is retained down to p = 2.9 × 1012 cm−2 and upon further reducing the density to
2.4 × 1012 cm−2, the QHS sequence reverts to even. Figure 4.5(b) shows a similar set of
data for monolayer WSe2 LD108, where the QHS sequence is even at p = 9.7× 1012 cm−2,
becomes odd at p = 4.6 × 1012 cm−2, and is back to even at p = 3.3 × 1012 cm−2.
This unusual density-dependence of the QHS sequence suggests an interesting in-
terplay of the Landau level Zeeman splitting and the cyclotron energy. As discussed in
Sec. 4.1, in the absence of Zeeman splitting, the Landau levels of the upper valence band
in monolayer WSe2 are EnLL = −nLL~ωc, with a non-degenerate nLL = 0 Landau level
and two-fold, spin-valley degenerate nLL > 0 Landau levels. Consequently, as shown in
Fig. 4.6(a), an odd QHS sequence is expected when there is no Zeeman splitting. However,
if the Landau level spin-degeneracy is lifted through a Zeeman splitting, EZ = g∗µBB,
comparable to the cyclotron energy, Ec = ~ωc, the QHS sequence can change. For instance,































































































Figure 4.5: (a) Rxx vs ν for bilayer WSe2 LD123 as a function of varying density show the transition
of the QHS sequence from even at p = 6.1 × 1012 cm−2 to odd at p = 3.3 × 1012 cm−2, and back
to even at p = 2.4 × 1012 cm−2. (b) Rxx vs ν for monolayer WSe2 LD108 as a function of density
show similar QHS sequence transitions, albeit over a different density range. Representative even
and odd QHS Rxx minima are marked by  and N symbols, respectively.
quence is expected to be even. If the Zeeman splitting is even larger, for instance, twice the
cyclotron energy, EZ ≈ 2Ec, the QHS sequence can revert to odd [Fig. 4.6(c)]. Finally, in
the case when the Zeeman splitting is in-between, say, EZ ≈ 1.5Ec, the Landau levels are
fully spin-resolved and the QHS sequence cannot be assigned as even or odd.
Two important observations can be made by employing this argument to the QHS
sequence transitions of Fig. 4.5. First, the presence of an odd or even QHS sequence at a
fixed density which does not change with the magnetic field implies that the EZ/Ec ratio,
and therefore g∗, also do not change with the magnetic field. Second, the QHS transitions
as a function of density suggest that the EZ/Ec ratio, and therefore g∗, vary as a function










































Figure 4.6: (a) Schematic of the upper valence band Landau levels in monolayerWSe2 in the absence
of Zeeman splitting, which is expected to result in an odd QHS sequence. (b) An even QHS sequence
is expected if the Zeeman splitting is approximately equal to the cyclotron energy, and (c) an odd
QHS sequence if the Zeeman splitting is double the cyclotron energy.
mass of holes in WSe2 leads to an enhancement of g∗ as the density is reduced.
4.4 Tilted Magnetic Field Measurements
Measurements in magnetic fields tilted at an angle from the normal of the 2DES
plane have been traditionally used to probe the Zeeman splitting in 2DESs [98]. While
the cyclotron energy depends only on the perpendicular component of the magnetic field
(B⊥), the Zeeman splitting varies with the total field, B. Therefore, tilting the sample
with respect to the magnetic field direction changes the Zeeman-to-cyclotron energy ratio,
and consequently, the relative strengths of successive spin-resolved Rxx minima. Certain
“coincidence” tilt angles can be reached where EZ/Ec attains integer values, yielding
successive Rxx minima of equal strength. The value of Zeeman splitting can be discerned
from these coincidence angles [98], and their evolution with carrier density.
Figure 4.7(a) shows Rxx vs B⊥ for monolayer WSe2 LD108 at p = 4.6 × 1012 cm−2
and at several tilt angles, θ. The Rxx data at θ = 0◦ show an odd QHS sequence, which
remains unchanged for all values of θ up to 77◦. Figure 4.7(b) shows a similar set of Rxx vs
B⊥ data for bilayer WSe2 LD123 at p = 3.5 × 1012 cm−2, where the QHS sequence is also
found to be insensitive to the tilt angle. These observations suggest that the Zeeman splitting
does not depend on the parallel component of the magnetic field (B| |) in both monolayer
and bilayer WSe2. The insensitivity of the monolayer and bilayer WSe2 Rxx data to the tilt
angle is in stark contrast to the vast majority of 2DESs based on Si [98], GaAs [140], black
phosphorus [146], and even bulk WSe2 [147], which show significant tilt angle dependence
of Rxx .
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Figure 4.7: (a) Rxx vs B⊥ for monolayer WSe2 LD108 at p = 4.6× 1012 cm−2 and varying values of
tilt angle, θ. The QHS sequence is insensitive to θ. Inset: Schematic of the sample orientation with
respect to the magnetic field. (b) Rxx vs B⊥ for bilayer WSe2 LD123 at p = 3.5 × 1012 cm−2 and
varying θ shows a similar insensitivity of the QHS sequence to θ. The traces are offset for clarity in
panels (a) and (b).
A second technique used to determine the Zeeman splitting is the magnetoresistance
measured as a function of the magnetic field applied parallel to the 2DES plane. An in-
plane magnetic field leads to a spin-polarization of the 2DES, which reaches unity when
the Zeeman energy is equal to the Fermi energy. Experimentally, Rxx vs B| | shows a
positive magnetoresistance, along with a saturation or a marked kink at the magnetic field
corresponding to full spin-polarization [124, 140, 148, 149].
Figures 4.8(a) and 4.8(b) show Rxx vs B| | for monolayerWSe2 LD108 corresponding
to Fig. 4.7(a), and bilayer WSe2 LD123 corresponding to Fig. 4.7(b), respectively. Surpris-
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ingly, yet consistent with Fig. 4.7 data, both the Rxx data of Fig. 4.8 remain constant over
the entire range of B| | from 0 to 35 T, validating the insensitivity of the Zeeman splitting to
B| |. This implies that the Zeeman splitting depends only on B⊥, i.e., EZ = g∗µBB⊥, via a
density-dependent g∗.















































Figure 4.8: (a) Rxx vs B | | for monolayer WSe2 LD108 at p = 4.6 × 1012 cm−2 corresponding to the
θ = 90◦ case of Fig. 4.7(a). The Rxx remains unchanged over the entire magnetic field range. Inset:
Schematic of the sample orientation with respect to the magnetic field. (b) Rxx vs B | | for bilayer
WSe2 LD123 at p = 3.5 × 1012 cm−2 also shows an unchanged Rxx from B | | = 0 to 35 T.
The insensitivity of EZ to B| | indicates that the hole-spin in both monolayer and
bilayer WSe2 at the K and K′ points is locked in a direction perpendicular to the 2D plane.
This spin-locking is a direct consequence of the strong spin–orbit coupling, and mirror
symmetry in monolayer WSe2 which decouples the spin-↑ and spin-↓ components away
from the Brillouin zone center [32, 33]. Due to the crystal electric field (~ε c) being restricted
to the 2D plane thanks to mirror symmetry, the spin–orbit interaction manifests itself as an
effective magnetic field, ~BSO(k) ∝ ~ε c × k directed along the z-direction. Furthermore, the
large |k| value at the K and K′ points makes ~BSO correspondingly large and opposite in
sign at K and K′, which locks the hole-spin perpendicular to the 2D plane and in opposite
directions at K and K′ [150].
Optical experiments on monolayer WSe2 have also shown a similar insensitivity
of the Zeeman splitting to B| | [135]. The spin–orbit interaction-induced spin-locking is
also responsible for the high in-plane upper critical fields in the “Ising” superconductors
based on TMDs such as NbSe2 [150] and MoS2 [151]. It is to be noted that spin-locking
perpendicular to the WSe2 plane renders the tilted magnetic field technique ineffective for
determination of the Zeeman splitting in monolayer and bilayer WSe2.
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4.5 Transverse Electric Field Dependence of the QHS Sequence
In light of Fig. 4.5 data which suggest a density-dependent g∗, an important question
is whether the g∗ variation is determined by the density, or by the applied transverse
electric field (E), which depends on the applied gate-biases and can change concomitantly
with the density. In the presence of broken inversion symmetry and strong spin–orbit
coupling, the spin-splitting in the valence band can be tuned by the transverse electric field,
mediated by the Rashba effect [152, 153]. Varying the carrier density, and concurrently,
the electric field, can alter the g∗ in such 2DESs, for instance in 2D electrons in indium
gallium arsenide/indium aluminum arsenide (InGaAs/InAlAs) [154] and 2D holes in GaAs
[155, 156].
To probe the impact of the electric field on the QHS sequence, measurements were
performed by varying E = |CTGVTG−CBGVBG |/2ε0, whereCTG andCBG are the top-gate and
back-gate capacitances, respectively, and ε0 is the vacuum permittivity. Figure 4.9(a) and
4.9(b) show Rxx vs ν for bilayerWSe2 LD123 at p = 3.5×1012 cm−2 and p = 2.4×1012 cm−2,
respectively, and at different values of E.






















E = 0.86 V/nm























E = 0.64 V/nm
(a) (b)
Figure 4.9: (a) Rxx vs ν at p = 3.5 × 1012 cm−2 and varying transverse E-field values for bilayer
WSe2 LD123 show an E-field-independent odd QHS sequence. (b) Rxx vs ν for the same bilayer
LD123 at p = 2.4×1012 cm−2 show an even QHS sequence which also does not change with E-field.
The traces are offset for clarity in panels (a) and (b).
The QHS sequence does not change over the range of electric field values from
0.64− 1.15 V/nm at p = 3.5× 1012 cm−2 and 0.86− 1.25 V/nm at p = 2.4× 1012 cm−2. By
comparison, the electric field changes from 0.92− 1.11 V/nm in Fig. 4.5(a), concomitantly
with the density change from 6.1×1012 cm−2 to 3.9×1012 cm−2, a range in which the QHS
sequence changes from even to odd. Measurable Rashba splitting was observed in bulk
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WSe2 only at densities ∼ 1014 cm−2, and likely does not play a role in the range of densities
probed here [153]. Based on these observations, the effect of the electric field on g∗, and in
turn, on the QHS sequence can be ruled out.
4.6 Zeeman Splitting in Monolayer and Bilayer WSe2
The QHS sequence transitions are therefore attributed to a change in the Zeeman-
to-cyclotron energy ratio only as a function of density. Figure 4.10(a) and 4.10(b) show
a summary of the QHS sequence as a function of density for four different monolayer
and four different bilayer WSe2 samples, respectively. The data points are grouped into
an even or odd QHS sequence over a range of density values, suggesting a systematic
density-dependence of the Zeeman energy.

































Figure 4.10: (a) Summary of the QHS sequence vs p for four different monolayer WSe2 samples.
(b) QHS sequence vs p for four different bilayer WSe2 samples. The dotted lines group the data
points belonging to the same QHS sequence in a given density range. Symbols within a group are
vertically offset for clarity in panels (a) and (b).
The data of Fig. 4.10 can be analyzed within the framework of Fig. 4.6, i.e., EZ ≈ Ec
yields an even QHS sequence, and EZ ≈ 2Ec yields an odd QHS sequence. Generalized
further, |EZ |/Ec ∈ [2k − 1/2, 2k + 1/2] yields an odd QHS sequence, and |EZ |/Ec ∈
[2k + 1/2, 2k + 3/2] yields an even QHS sequence; k is an integer. Each of the groups
of Fig. 4.10 can therefore be assigned an |EZ | within a [−Ec/2, Ec/2] window. Starting
with |EZ | = E0Z at the highest value of density probed, and assuming the Zeeman splitting
increases with reducing density because of interactions, |EZ | is increased by Ec at every
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QHS sequence transition as the density is decreased. Figure 4.11 shows the data of Fig. 4.10
converted into an |EZ | vs p variation in this manner.














Figure 4.11: Data from Fig. 4.10 converted to an |EZ | vs p variation assuming an |EZ | increment of
Ec for every QHS sequence transition in the direction of decreasing density, starting at |EZ | = E0Z at
the highest density probed. The shaded regions correspond to a ±Ec/2 error bar. Symbols within a
group are vertically offset for clarity.
4.6.1 Interaction-Enhancement of the g-factor
In the absence of electron-electron interactions, the g-factor for electrons or holes
in a material is determined by its bandstructure, and referred to as the band g-factor (gb).
The band g-factor is usually different from the bare electron g-factor (≈ 2). For instance,
gb = −0.44 for GaAs and gb = 1.52 for AlAs electrons [157]. Exchange interactions can
enhance gb to a value g∗, which increases with decreasing density, an observation reported
for several 2DESs in Si [139, 148], GaAs [140], and AlAs [124].
Interaction-enhancement of g∗ with reducing density can be understood as follows.
As the density of a 2DES is lowered, the Coulomb energy of the system starts to dominates
over its kinetic (Fermi) energy. Below a critical density, the many-body exchange and
correlation energies are expected to drive the system towards a ferromagnetic ground state,
as shown in Fig. 1.2 [17]. Above this critical density, the electron/hole-spins tend to
align more easily so that they would spatially stay farther apart from each other, thereby
minimizing the 2DES Coulomb energy. This manifests as an enhancement of the 2DES









where p↑ and p↓ are the densities of the spin-↑ and spin-↓ holes (or electrons), respectively,





The interaction enhancement of the spin susceptibility is usually specified by the
ratio χ/χ0, where χ0 is the Pauli susceptibility in the absence of interactions determined







In the case of monolayer and bilayer WSe2 where the effective mass shows very little
dependence on the density [Sec. 3.6], i.e., m∗ = mb, Eq. 4.8 becomes χ/χ0 = g∗/gb.
Therefore, interactions cause an enhancement of g∗ over gb with reducing density.
The interaction strength is gauged by the dimensionless interaction parameter (rs)
which is the interelectron spacing measured in units of the effective Bohr radius (a∗B), or







where a∗B = aB(κme/m
∗), aB = 4πε0~2/mee2 is the Bohr radius, me is the free electron
mass, and κ is the effective dielectric constant of the medium surrounding the 2DES.
Theoretically, the spin susceptibility of an interacting 2DES can be calculated by
adding the many-body exchange and correlation energies to the single particle energy and
studying the spin-polarization in the 2DES induced by a weak applied in-plane magnetic
field [158]. Of the several approaches to include the many-body effects, the quantum
Monte Carlo (QMC) technique of Attaccalite et al. [21] reproduces the spin susceptibility
enhancement in 2DESs reasonably well [124, 140, 159].
Figure 4.12 shows χ/χ0 vs rs calculated using the QMC formulation of Ref. [21].
In the limit of rs → 0, i.e., in the high density limit where interaction effects are negligible,
χ/χ0 → 1. With decreasing density, i.e., increasing rs, the 2DES spin susceptibility is
enhanced over its Pauli susceptibility value. The QMC calculation predicts the transition to
the ferromagnetic ground state at rs ' 26 [21].
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Figure 4.12: χ/χ0 vs rs for a 2DES calculated using the quantum Monte Carlo formulation of
Ref. [21] shows an enhancement of the spin susceptibility with increasing rs, i.e., reducing density.
4.6.2 Density-Dependent g-factor in Monolayer and Bilayer WSe2
The |EZ | vs p data of Fig. 4.11 can therefore be converted to |g∗ | vs rs in order to
assess the effect of interactions in monolayer and bilayer WSe2. The value of E0Z = g
∗
0µBB
is addressed first; g∗0 is the effective g-factor at the highest density probed. The observation
of an even QHS sequence at the highest density probed implies that E0Z = (2k + 1)Ec, or
equivalently, g∗0 = 4.44(2k + 1), using m
∗ = 0.45me; k is an integer. Recent magneto-
reflectance measurements that resolve the Landau level spectrum report a gb = 8.5 for
monolayer WSe2 holes [160]. To account for the uncertainty in E0Z, two scenarios of g
∗
0
corresponding to k = 1 (E0Z = 3Ec), and k = 2 (E
0
Z = 5Ec) are considered. The k = 0 case
is ruled out based on the reported gb value [160]. The Ec-step increments of |EZ | between
groups are equivalent to a |g∗ | increment of ∆g∗ = 2me/m∗ = 4.44. Within this framework,
Figs. 4.13(a) and 4.13(b) show |g∗ | vs rs for monolayer and bilayer WSe2, respectively.
Because of the difference in dielectric environment, slightly different κ values were used to
convert p into rs for monolayer and bilayer WSe2.5
For comparison, Fig. 4.13 shows the gb value of Ref. [160] multiplied by the
QMC spin susceptibility enhancement [21] which matches well with |g∗ | determined using
E0Z = 5Ec for both monolayer and bilayer WSe2. More recent Landau level spectroscopy
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the top (bottom) medium effective dielectric constants. For monolayerWSe2, κ = κ(h-BN, h-BN). For bilayer
WSe2, κ = [κ(h-BN, h-BN) + κ(h-BN,WSe2)]/2. The values of κ | |h-BN = 3.0 [Appendix C], κ
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⊥

































































Figure 4.13: (a)Monolayer and (b) BilayerWSe2 |g∗ | vs rs (bottom axis) or p (top axis) for E0Z = 5Ec
(open, solid symbols), E0Z = 3Ec (dotted, half-filled symbols), and the QMC calculation for gb = 8.5
(line). The symbols within a group are vertically offset for clarity. The shaded regions correspond
to a ±∆g∗/2 error bar in panels (a) and (b).
measurements of monolayerWSe2 show a similar enhancement of the valence band Zeeman
energy with reducing density [121].
In light of the unique Landau level spectrum of monolayer WSe2, one question to
ask is if the QMC calculation, which was developed for a one-valley system with two-fold
degenerate Landau levels, is applicable to theWSe2 systemwith two valleys and an unpaired
zeroth Landau level. For instance, while multivalley 2DESs based on AlAs [162, 163] and
Si [139, 148] have shown spin susceptibility enhancements, there are differences with the
one-valley picture [159, 164]. Furthermore, there also exist studies of the Landau level
spectrum of monolayer TMDs treated in an alternate framework, where all the Landau
levels are two-fold degenerate [142, 165, 166]. It is therefore instructive to re-analyze the
data of Fig. 4.13 in this framework.












where the Berry phase contribution, (τ/2)~ωc, can be combined with the cyclotron Landau
level energies, −nLL~ωc, to obtain














Now, in the absence of the Zeeman terms in Eq. 4.11, i.e., gs = gd = 0, the Lan-
dau levels transform to two-fold degenerate for all values of nLL = 0, 1, 2, . . . as shown in
Fig. 4.14. In essence, the difference between Eq. 4.5 [Fig. 4.14(a)] and Eq. 4.11[Fig. 4.14(b)]
is the inclusion or exclusion of the valley dependent Berry phase contribution in the defini-



















Figure 4.14: (a) Landau level spectrum given by Eq. 4.5 with a non-degenerate nLL = 0 Landau
level in the absence of Zeeman splitting. (b) Landau level spectrum given by Eq. 4.11, where all the
Landau levels are two-fold spin-valley degenerate in the absence of Zeeman splitting. The Landau
levels of (a) shifted by (τ/2)~ωc [indicated by gray arrows] yield the Landau levels of (b).
In the picture with all the Landau levels two-fold degenerate, the QHS sequence in
the absence of Zeeman splitting would be even, and a Zeeman-to-cyclotron energy ratio of
an even or odd integer would yield an even or odd QHS sequence, respectively. Applied
to the |EZ | vs p data of Fig. 4.11, it merely offsets the value of E0Z by Ec, or equivalently,
offsets the effective g-factor by 2me/m∗ = 4.44. Figure 4.15(a) and 4.15(b) show |g∗ | vs rs
for monolayer and bilayer WSe2, respectively, in this picture.
The g∗ vs rs data of Fig. 4.15 fit well to the QMC spin susceptibility calculation
assuming a band g-factor of gb = 6.8. It it to be noted that the choice of the non-degenerate
or two-fold degenerate zeroth Landau level picture is purely a notational convention and
would yield different values of the g-factors accordingly. Whether the Zeeman energy with
or without inclusion of the Berry phase component is interaction-enhanced remains an open
question. Given the hole-spins are locked along the z-direction, and do not respond to an
in-plane magnetic field in WSe2, there is no way to decouple the Zeeman and cyclotron
contributions in order to resolve this ambivalence.
Furthermore, the band g-factor value for holes in WSe2 remains to be established.
Table 4.1 lists the reported g-factor values for WSe2 holes from literature. While there


























































Figure 4.15: (a)Monolayer and (b) BilayerWSe2 |g∗ | vs rs (bottom axis) or p (top axis) for the model
with all Landau levels being two-fold degenerate and E0Z = 4Ec fit well with the QMC calculation
assuming gb = 6.8 (line). The symbols within a group are vertically offset for clarity. The shaded
regions correspond to a ±∆g∗/2 error bar in panels (a) and (b).
determined g-factor values from Ref. [121], estimates from calculations vary between
reports.
Table 4.1: Survey of hole effective g-factor values in monolayer WSe2 from literature.
Ref. Experiment/Calculation Technique g-factor Comment
[160] Experiment Magneto-optical 8.5 Band g-factor
[121] Experiment LL spectroscopy 20 − 24
Over a density range of
p = 5 − 2.5 × 1012 cm−2;
two-fold n = 0 LL
[165] Calculation
DFT −2.38




Two-fold n = 0 LL
DFT+GW 4.08
aThe GW approximation is one of many techniques to account for many-body correlation effects in the
DFT calculation of the bandstructure.
It is noteworthy that the relatively large m∗ = 0.45m0 for holes in WSe2 leads to
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moderately large rs values, and potentially strong interaction effects even at high carrier
densities. An order of magnitude improvement in mobility by comparison to the present
values would allow access to rs values in the 20− 30 range, which make WSe2 a promising
platform for exploring correlated phenomena [17, 21].
4.7 Summary
In summary, the quantum Hall states sequence of holes in monolayer and bilayer
WSe2 undergo transitions between predominantly odd and even filling factors as the hole
density is varied. These transitions stem from an interplay between the cyclotron energy and
a density-dependent Zeeman splitting, which is a direct manifestation of the strong electron-
electron interactions in WSe2. The extracted density-dependent, interaction-enhanced,
effective g-factor closely matches the expected trend based on quantumMonte Carlo calcu-
lations, corroborating the role of interactions in WSe2.
Also interestingly, the quantum Hall states are insensitive to an in-plane magnetic
field, indicating that the hole-spin is locked perpendicular to the WSe2 plane in both
monolayer and bilayer WSe2, confirming that the holes reside in the K and K′ valleys.
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Chapter 5
Tunable Γ − K Valley Populations in Trilayer WSe2
Monolayer 2H-TMDs possess band extrema at the time-reversed partner K and K′
Brillouin zone corners with a finite energy gap between dipole coupled conduction and
valence bands [33]. Beyond the monolayer limit, the TMD bandstructure becomes more
complicated, for instance, evinced by their complex layer number dependent photolumi-
nescence (PL) spectra [168, 169, Fig. 1.6(b)]. The low quantum yield and convoluted
exciton features make it difficult to draw conclusions from optical measurements of few-
layer TMDs in contrast to monolayers, which show a more straightforward optical response.
While angle-resolved photoemission spectroscopy (ARPES) measurements provide a di-
rect probe of the bandstructure, there are limitations on the spatial and energy resolutions
[170, 171]. In essence, the locations of the band extrema in few layer TMDs, and their
dependence on externally controllable parameters like transverse electric fields (E), have
remained open questions for the vast majority of TMDs.
A transverse electric field has been shown to alter the bandstructure in several
2DESs. Notable examples include the Rashba effect in structural inversion asymmetric
2DESs, which yields an E-field-dependent spin-splitting [154, 155], and an E-field-tunable
bandgap in bilayer graphene as a result of electric field induced inversion symmetry breaking
[172, 173]. More recently, electric field tunable bandstructures have been theoretically
investigated in TMDs [174] and have also been reported inWSe2 [153] andMoS2 [175, 176].
This chapter addresses the valence band maxima in trilayer WSe2 and their response
to an applied transverse electric field. Magnetotransport measurements reveal holes popu-
lating two subbands with different effective masses, 0.5me and 1.2me, associated with the K
and Γ valleys, respectively; me is the free electron mass. At a fixed total hole density, the K
and Γ occupations can be tuned by an applied electric field, with Γ being the lowest energy
state at low electric field and K being the lowest energy state at high electric field. Ab initio
Portions of this chapter have been published as Ref. [167]: H. C. P. Movva, T. Lovorn, B. Fallahazad,
S. Larentis, K. Kim, T. Taniguchi, K. Watanabe, S. K. Banerjee, A. H. MacDonald, and E. Tutuc, “Tunable
Γ − K Valley Populations in Hole-Doped Trilayer WSe2,” Phys. Rev. Lett., vol. 120, no. 10, p. 107703,
2018. The dissertator, H. C. P. Movva, fabricated and characterized the WSe2 samples, and contributed to
data analysis and writing the paper.
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calculations support these findings and explain the shift of the valence band maxima, and
the consequent transfer of holes from Γ to K with increasing electric field.
5.1 Locations of Valence Band Maxima in WSe2
Theoretical calculations predict [35, 177, 178, 179, 180] and experimental results
unambiguously confirm [129, 147, 170, 171] that the valence band maxima of monolayer
and bulk WSe2 are located at the K and Γ points of the Brillouin zone, respectively.
Magnetotransport studies on monolayer [Chapter 4] and bulk [147] WSe2 corroborate this
fact as evidenced by measurements in tilted magnetic fields, which reveal the spin is locked
perpendicular to the WSe2 plane for K valley holes, while Γ valley holes couple to an in-
plane magnetic field. There is however, large variation in literature reports on the valence
bandmaxima locations in few-layerWSe2, and the number-of-layers where the valence band
maximum shifts from K to Γ. Figure 5.1 shows the variation of the energy gap between the
valence band K and Γ valleys (EK − EΓ) as a function of WSe2 number-of-layers compiled
from literature, where the transition from K to Γ is reported to occur at either bilayer or
trilayer WSe2.
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Figure 5.1: Summary of the reported valence band maxima EK − EΓ values vs WSe2 number-of-
layers from literature. The inset shows a schematic of the upper valence band in monolayer WSe2.
The measured values are from Yeh et al. [170], Zhang et al. [171] using ARPES, and Zhang et
al. [64] using scanning tunneling spectroscopy (STS). The calculated values are from Kumar et
al. [177], Yun et al. [178], Zhao et al. [35], Zeng et al. [179], and Huang et al. [180] using DFT.
The stars only indicate K valley holes probed by Movva et al. [129] in monolayer and bilayer WSe2,
and Γ valley holes probed by Xu et al. [147] in bulk WSe2 by SdH oscillations measurements and
do not correspond to specific EK − EΓ values. Bulk WSe2 is more than five-layers thick.
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Tilted magnetic field measurements from Chapter 4 indicate that holes in bilayer
WSe2 reside in the K valleys. It is therefore worthwhile to study trilayer WSe2 to examine
its valence band maxima locations. The precise k-space locations of the band extrema have
a strong bearing on the electron physics. For instance, when carriers reside in the K and K′
valleys, their opposite Berry curvatures allow manipulation of the valley pseudospin degree
of freedom [33, 181, 182], an effect which is expected to be absent for carriers in the Γ
valley. The following sections discuss magnetotransport measurements in trilayer WSe2
aimed towards uncovering its valence bandstructure.
5.2 Magnetotransport in Trilayer WSe2
The h-BN encapsulated trilayer WSe2 Hall bar samples used in this study were
fabricated similar to the samples of Chapter 3, using Pt bottom-contacts and either Si/SiO2,
Pt metal, or graphite back-gates. The trilayer WSe2 flakes were exfoliated from bulk 2H-
WSe2 crystals and unambiguously identified thanks to their unique PL spectra [Fig. 1.6(b)]
and distinct optical contrast. The detailed fabrication process flow and techniques are
described in Appendix B. Figure 5.2(a) shows the room temperature PL spectrum of trilayer
2H-WSe2 which shows distinct peaks at 1.45 eV corresponding to the indirect gap transition,
and 1.60 eV corresponding to the direct gap transition [169].
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Figure 5.2: (a) Room temperature PL spectrum of trilayer 2H-WSe2 obtained using 532 nm wave-
length excitation. The peaks corresponding to the direct and indirect gap transitions are labeled.
Inset: Optical micrograph of an h-BN encapsulated, dual-gated trilayerWSe2 Hall bar sample LD65.
The black line marks the contour of the WSe2 flake. The scale bar is 10 µm. (b) Rxx and Rxy vs B
for trilayer WSe2 LD65 measured at T = 0.3 K and at p = 8.0 × 1012 cm−2.
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The inset of Fig. 5.2(a) shows the optical micrograph of LD65, a typical h-BN
encapsulated, dual-gated trilayer WSe2 Hall bar sample with an Si/SiO2 back-gate. The
samples were probed in perpendicular magnetic fields in both the 14 T superconducting
and 35 T resistive magnets, and down to T = 0.3 K in a pumped 3He insert, or T = 1.5 K
in a variable temperature insert. Magnetotransport measurements were conducted using
standard small-signal excitation current, I = 10 nA, low-frequency (9 − 13 Hz) lock-
in techniques. Four trilayer WSe2 samples, LD65, LD187, LD189, and LD205 were
investigated in this study, all with consistent results. The samples’ details are provided in
Appendix A. The data presented in Secs. 5.2−5.5 are from LD65 and LD189.
Figure 5.2(b) shows Rxx and Rxy vs B for trilayer WSe2 LD65 at VTG = −8.5 V
and VBG = 0 V. The hole Hall density is p = 8.0 × 1012 cm−2. The Rxx data show well-
defined SdH oscillations accompanied by emergence of QHS plateaux in Rxy coincident
with the Rxx minima at high B-fields. Unlike holes in monolayer and bilayer WSe2 at
VBG = 0 V which show one fundamental SdH oscillation frequency, i.e., one populated
subband [Secs. 3.3−3.4], the trilayer data of Fig. 5.2(b) show a beating pattern, suggestive
of hole population in multiple subbands.
5.3 Gate-Dependence of SdH Oscillations
To investigate the origin of the SdH oscillations’ beating pattern, magnetotransport
measurements were performed as a function of VTG and VBG. Figure 5.3(a) shows Rxx vs
B measured in a second trilayer WSe2 sample, LD189, at different VTG values, VBG = 0 V,
and T = 1.5 K. Figure 5.3(b) shows the FT amplitude vs frequency corresponding to the
Rxx vs 1/B data of Fig. 5.3(a).
The FT spectra show two principal peaks which vary markedly in their response to
VTG. While the low-frequency peak increases in frequency with |VTG |, the high-frequency
peak position is nearly independent of VTG. The existence of two principal FT peaks is
indicative of holes at the Fermi level in two distinct subbands. Further, the dependence of
the two peaks onVTG suggests that the two subbands have very different spatial confinement,
with the lower frequency peak localized in closer proximity to the top-gate.
Figure 5.4(a) shows a similar set of Rxx vs B data in the same sample, LD189,
measured at different VBG values, VTG = −12 V, and T = 1.5 K, and Fig. 5.4(b) the FT
amplitude vs frequency of the corresponding Rxx vs 1/B data.
The FT data consist of one or two characteristic peak(s) depending on the value of
VBG. When VBG ≤ 0 V, the FT data show two peaks similar to Fig. 5.3(b) data. However,
the low-frequency peak increases in frequency and the high-frequency peak decreases in
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Figure 5.3: (a) Rxx vs B at various VTG values, VBG = 0 V, and T = 1.5 K for trilayer WSe2 LD189.
(b) FT amplitude vs frequency corresponding to the Rxx vs 1/B data of panel (a). The solid and
dashed lines are a guide to the eye and track the high- and low-frequency peaks, respectively. The
traces are offset for clarity in panels (a) and (b).
frequency with increasing VBG. The two peaks merge into one broad peak at VBG = 1 V and
cannot be individually resolved. For 1 V ≤ VBG ≤ 4 V, the resulting sole peak increases
in frequency with increasing VBG. When VBG ≥ 4 V, this peak reverses its trend and
starts decreasing in frequency with increasing VBG. This unusual VBG dependence suggests
depopulation of one subband with increasing VBG.
5.4 Effective Masses of Holes in Trilayer WSe2 Subbands
To further investigate the nature of the two subbands, temperature-dependent mea-
surements were performed to extract the subband effective masses. Figure 5.5(a) shows Rxx
vs B for LD189 at VTG = −12 V, VBG = 0 V, and at various T values, and Fig. 5.5(b) the
corresponding FT data.
The FT amplitudes of the two peaks show a distinct temperature-dependence with
the high-frequency peak decaying more rapidly with temperature compared to the low-
frequency peak. This observation is indicative of different effective masses for holes in the
two subbands. The individual subband effective masses were extracted in a similar way as
described in Sec. 3.5. First, the FT peak of interest was isolated by applying a band-pass
filter centered at its peak and an inverse Fourier transform performed. A Dingle factor fit
was performed to each peak’s inverse FT oscillation amplitude, ∆Rxx vs T at a fixed B-field,
∆Rxx ∝ ξ/ sinh ξ, where ξ = 2π2kBT/~ωc andωc = eB/m∗. The inset of Fig. 5.5(b) shows
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Figure 5.4: (a) Rxx vs B at various VBG values, VTG = −12 V, and T = 1.5 K for trilayer WSe2
LD189. (b) FT amplitude vs frequency corresponding to the Rxx vs 1/B data of panel (a). The
solid and dashed lines are a guide to the eye and track the high- and low- (or sole) frequency peaks,
respectively, when they can be individually discerned. The traces are offset for clarity in panels (a)
and (b).
example Dingle factor fits to the low- and high-frequency peaks’ ∆Rxx vs T data at a fixed
B = 8.5 T.
A similar set of measurements were performed at a different density where the FT
data show only one principal peak. Figure 5.5(c) shows Rxx vs B for LD189 atVTG = −12V,
VBG = 6V, and at variousT values, and Fig. 5.5(d) the corresponding FT data. The effective
mass corresponding to the sole FT peak subband is extracted by performing similar Dingle
factor fits [Fig. 5.5(d) inset].
Figure 5.6 summarizes the extracted m∗ vs B from Fig. 5.5 data. At VTG = −12 V,
VBG = 0 V, where p = 8.0 × 1012 cm−2, holes associated with the high-frequency peak
have m∗ = 1.2me and holes associated with the low-frequency peak have m∗ = 0.5me. The
lower m∗ matches closely with m∗ = 0.45me measured for K valley holes in monolayer
and bilayer WSe2 [Chapter 3]. The heavy m∗ on the other hand is closer to m∗ = 0.89me
measured for Γ valley holes in few-layer WSe2 [147]. The light holes in trilayer WSe2 are
therefore assigned to the K valley and the heavy holes to the Γ valley. At VTG = −12 V,
VBG = 6 V, where p = 3.0 × 1012 cm−2, the holes associated with the sole FT peak have
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Figure 5.5: (a) Rxx vs B at VTG = −12 V, VBG = 0 V, and at different T values for trilayer LD189.
(b) FT amplitude vs frequency of the Rxx vs 1/B data of panel (a). Inset: ∆Rxx vs T at B = 8.5 T
calculated from the inverse FT of panel (b) data, using band-pass filters (shaded bands). The dashed
(solid) line shows the Dingle factor fit to the low- (high-) frequency peak’s ∆Rxx vs T data. (c) Rxx
vs B in the same trilayer LD189 at VTG = −12 V, VBG = 6 V, and at different T values. (d) FT
amplitude vs frequency of the Rxx vs 1/B data of panel (c). Inset: ∆Rxx vs T at B = 8.7 T calculated
from the inverse FT of panel (d) data, using a band-pass filter around the sole peak (shaded band).
m∗ = 0.5me, implying that they all reside in the K valley.
To substantiate this interpretation, the density values determined from Hall mea-
surements can be compared with the density values associated with the FT peaks frequency
( f ), p = DLL×e/h× f , where DLL is the Landau level degeneracy of the subband associated
with f . Figure 5.7(a) shows p vs VTG and Fig. 5.7(b) shows p vs VBG determined from Hall
measurements, along with the individual Γ and K valley densities, and their sum (Γ + K)
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Figure 5.6: m∗/me vs B in LD189 for the two subbands at VTG = −12 V, VBG = 0 V, where
p = 8.0 × 1012 cm−2 and for the sole subband resolved at VTG = −12 V, VBG = 6 V, where
p = 3.0 × 1012 cm−2. The light holes with m∗ = 0.5me belong to the K valley and the heavy holes
with m∗ = 1.2me to the Γ valley.
determined from the two FT peaks of Fig. 5.3(b) and Fig. 5.4(b) data, respectively, using
DLL = 2 for both the Γ and K valleys. In the range 1 V ≤ VBG < 4 V in Fig. 5.7(b), the
component peak frequencies cannot be individually resolved, and are therefore omitted.



























































Figure 5.7: (a) p vs VTG associated with the individual FT peaks of Fig. 5.3(b) data (Γ, K), their sum
(Γ+K), and Hall measurements. (b) p vs VBG associated with the individual FT peaks of Fig. 5.4(b)
data (Γ, K), their sum (Γ+K), and Hall measurements. Only data points where the component peak
frequencies can be clearly resolved are shown.
The closematch between the Hall and Γ+K density values validates the valley desig-
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nation. The DLL = 2 Landau level degeneracy is consistent with the expected degeneracies
for holes in the Γ [147] and K [Chapter 3] valleys of WSe2.
5.5 Electric Field Dependence of SdH Oscillations
To assess the impact of the transverse electric field on the Γ and K valley densities,
magnetotransport measurements were performed as a function of varying transverse electric
field, E = |CTGVTG − CBGVBG |/2ε0 at constant total density; CTG and CBG are the top- and
back-gate capacitances, respectively, and ε0 is the vacuum permittivity. Figure 5.8(a) shows
Rxx vs B in trilayer WSe2 LD189 at various E values, constant p = 8.0 × 1012 cm−2, and
T = 1.5 K. The Rxx SdH oscillations’ beating pattern changes with the E-field, suggesting
an electric field dependence of the relative valley occupations.























































E = 1.22 V/nm
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Figure 5.8: (a) Rxx vs B at various E values in LD189 at p = 8.0 × 1012 cm−2, and T = 1.5 K. (b)
FT amplitude vs frequency corresponding to the Rxx vs 1/B data of panel (a). The Γ and K peak
frequencies decrease and increase with increasing electric field, respectively. The traces are shifted
for clarity in panels (a) and (b). The solid and dashed lines are a guide to the eye.
Figure 5.8(b) shows the FT amplitude vs frequency associated with the Rxx vs
1/B data of Fig. 5.8(a). The Γ and K peak frequencies, and their corresponding densities
decrease and increase with increasing electric field, respectively. The individual Γ, K valley
contributions to the total density, p vs E are summarized in Fig. 5.9(a).
At low-values of the electric field, a majority of the holes reside in the Γ valley
and progressively get transferred to the K valley with increasing electric field. The relative
occupancies of the Γ and K valleys at fixed total density vary linearly with the electric
field over the range probed. A similar set of data at a different fixed total density, p =
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Figure 5.9: (a) p vs E corresponding to Fig. 5.8(b) FT data associated with the Γ and K valleys
show a linear decrease (increase) of the Γ (K) valley density with increasing electric field. The sum
(Γ + K) is p = 8.0 × 1012 cm−2. The two peaks overlap at E = 0.95 V/nm. (b) p vs E for the Γ
and K subbands at a different fixed total density of 6.1 × 1012 cm−2 show a similar variation of the
subband densities with varying E. Beyond E = 1.25 V/nm, all the holes reside in the K valley.
6.1 × 1012 cm−2 in trilayer WSe2 LD189 are shown in Fig. 5.9(b). The Γ and K densities
vary linearly with the electric field up to E = 1.25 V/nm, beyond which all the holes reside
in the K valley. These observations demonstrate that the Γ−K splitting in the valence band
of trilayer WSe2 is electric field dependent.
5.6 Ab Initio Calculations of the Bandstructure
Ab initio calculations were performed to understand the origin of the electric field
dependent Γ − K splitting in trilayer 2H-WSe2. Figure 5.10(a) shows the bandstructure of
trilayer WSe2 computed using fully-relativistic density functional theory calculations under
the local-density approximation [183], using the Quantum Espresso distribution [184].
The full dataset of calculations is available in Ref. [185].
In the absence of a transverse electric field, the valence band maximum is at Γ with a
Γ−K valley-splitting of ' 55 meV. On application of a transverse electric field, the valence
band maximum at the K point responds much more strongly to the E-field than the valence
band maximum at Γ. A small electric field is sufficient to induce substantial localization
of the three high energy K subbands in the individual WSe2 layers, leading to a threefold
splitting of these states. Figure 5.10(b) shows a close-up of the valence band maxima
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Figure 5.10: (a) Bandstructure of trilayer 2H-WSe2 with and without an applied transverse electric
field. Energies are given relative to the valence band maximum at Γ at E = 0 (E0
Γ
). (b) A zoomed-in
view of the valence band maximum at K , showing an approximately linear shift with electric field.
Reproduced from Ref. [167].
valence band maxima EΓ − EK , the highest energy valence band is found to shift from Γ to
K for E ' 0.9 V/nm as shown by the red squares in Fig. 5.11(a).
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Figure 5.11: (a) E-field-dependence of EΓ −EK , at zero and a finite hole density, p = 8×1012 cm−2.
(b) E-field-dependence of the relative occupation of the Γ and K valleys at fixed p = 8× 1012 cm−2.
In panels (a) and (b), the symbols (lines) show results where the E-field is included via the DFT
calculation (k · p model). Reproduced from Ref. [167].
From the DFT calculation at each E value, tightbinding and k · p models are con-
structed for states in the K and Γ valleys, defined on a basis of two states in each WSe2
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layer, capturing the six highest valence bands [186]. From the electric field dependence
of the layer “on-site” energies, an effective dielectric constant of κ∗r = 7.87 is extracted,
comparable to the value of 7.2 observed in multilayer WSe2 [60]. Using the value of κ∗r ,
k · p models can be generated for any E from the k · p model at E = 0 by adding eEd/κ∗r
to the on-site energies for the top layer and −eEd/κ∗r to the on-site energies for the bottom
layer; d is the transverse distance between the W atoms of two adjacent WSe2 layers. The
evolution of the difference in valence bandmaxima EΓ−EK with E for k · pmodels obtained
in this way is shown by the solid red line in Fig. 5.11(a).
The difference in the electric field response of the Γ and K bands is due to the
differences in their orbital character. Figure 5.12(a) shows a schematic of the basis states









Figure 5.12: (a) Basis states on each layer of the layer-resolved k · p model. States at K are split
by ∆SO, with lz < 0 states colored red and lz > 0 states colored blue. States at Γ, with lz = 0
are colored black. Reproduced from Ref. [167]. (b) Schematic of the spatial location of the
wavefunctions making up the K and Γ bands among the three layers of trilayer WSe2.
The valence band maximum states at K are made up of basis states having dominant
d-orbital amplitudes with |lz = −2, ↓〉 representations on the top and bottom layers, and a
much smaller |lz = +2, ↓〉 amplitude on the middle layer. Because of the change in sign
of lz, the on-site energy on the middle layer is shifted to lower energy by the spin–orbit
interaction (∆SO). The opposite angular momenta and spin in outside and interior layers
suppress the hybridization (tK ) between adjacent layers, leading to strong localization of
subband wavefunctions on individual layers for E & 0.1 V/nm, as shown in Fig. 5.12(b).
At Γ, on the other hand, the eigenstate amplitudes include similar lz = 0 representations on
all layers, allowing for large effective interlayer coupling (tΓ) and therefore, delocalization
of the wavefunction across the three layers [Fig. 5.12(b)] and explaining a greatly reduced
rate of change of the eigenstates and their energies with increasing electric field.
The theoretical Γ and K valley densities can be calculated using an effective mass
parametrization of the highest valence bands. Holes are distributed among layers and valleys
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accounting for screening self-consistently with a simple electrostatic model, considering a
planar charge distribution at each W layer. The variation of EΓ − EK with E is modified
in the presence of holes, as shown by the black circles and line in Fig. 5.11(a) for p =
8 × 1012 cm−2. The distribution of holes among the Γ and K valleys as a function of E is
shown in Fig. 5.11(b), displaying a trend which is qualitatively consistent with the measured
occupations of Fig. 5.9(a).
Hole effective masses of m∗
Γ
= 0.82me at Γ and m∗K = 0.35me at K are obtained from
the effective mass parametrization of the bands. These effective mass values are smaller
than the measured masses, but have a similar ratio. Considering the masses difference, the
transfer of holes from Γ to K in the model is expected to begin at a smaller electric field
and proceed more slowly with increasing E. The hole transfer rate, dpK/dE ∝ mK , where
pK and mK are the occupation fraction and effective mass of holes, respectively, in the K
valley. The calculated hole transfer rate in Fig. 5.11(b) is 0.43 nm/V, a value nearly 50%
smaller than the experimental hole transfer rate of 0.89 nm/V in Fig. 5.9(a).
The ∼50% reduction of the calculated hole transfer rate by comparison to experi-
ments is larger than the 30% reduction that would be expected due to the smaller calculated
effective masses, i.e., m∗K/m
∗
K,SdH = 0.35me/0.5me = 0.7, and the corresponding reduction
in density of states; m∗K,SdH = 0.5me is the measured K valley holes’ effective mass. The
remaining difference may be attributed to interaction effects beyond the Hartree level, and
the simplicity of the screening model. In particular, exchange interactions are expected to
further increase EK as these orbitals become occupied, and to enhance the rate of change
of EΓ − EK with electric field.
The VTG dependence of the FT peaks in Fig. 5.3(b) can be qualitatively explained in
this framework as follows. At low |VTG |, i.e., low electric field, a majority of the holes reside
in the Γ valley, thanks to a large EΓ − EK . Increasing |VTG | and therefore, E, increases the
density and simultaneously decreases EΓ−EK . While the effect of the density increase alone
is to also increase the Γ density, the concomitant decrease of EΓ − EK has a counteracting
effect of transferring holes from Γ to K , resulting in a net Γ density that remains unchanged
and a K density that increases with |VTG |.
Similarly in Fig. 5.4(b), a majority of the holes reside in the K valley at large VBG,
i.e., high electric field. DecreasingVBG and therefore, E, increases both the total density and
EΓ − EK , manifesting as a K density decrease as long as the Γ valley is empty, i.e., as long
as EΓ − EK is sufficiently small. Decreasing VBG further causes preferential population of
the Γ valley thanks to the supplemental effect of both increasing total density and EΓ − EK ,
whereas the two negate each other in the K valley, resulting in a net K density decrease.
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The transverse electric field can therefore be used as an effective knob to populate
holes selectively in the Γ or K valleys at a given total density in trilayer WSe2. In practice,
however, restrictions on VTG in order to achieve reliable electrical contacts place a lower
limit on the transverse electric field. The upper limit of the electric field, on the other
hand, is a function of the dielectric breakdown strength of h-BN, which, thanks to its high
value, permits unfettered access to relatively high electric fields and therefore, low hole
densities. The next section focuses on magnetotransport measurements in trilayer WSe2 at
low-densities and high electric fields, where only the K valley is filled with holes.
5.7 Low-Density Magnetotransport Measurements
In light of the large effective g-factor enhancement in monolayer and bilayer WSe2
with reducing hole density [Chapter 4], it is worthwhile to studymagnetotransport in trilayer
WSe2 in the low-density regime. To further reduce impurity scattering and access lower
densities, trilayer WSe2 samples were fabricated with graphite top- and back-gates in place
of metal gates [144]. The detailed fabrication process and techniques are described in
Appendix B. The data presented in this section are from two trilayer WSe2 samples with
graphite gates, LD187 and LD205. Appendix A provides the samples’ details.
Figure. 5.13(a) shows Rxx vs B in trilayer WSe2 LD187 at various density values
between 3.8−12.2×1011 cm−2, corresponding to E-fields of 1.65−1.50V/nm, atT = 1.5K.
In this range of E values, all the holes reside in the K valley. The Rxx data show well-
defined SdH oscillations down to p = 3.8 × 1011 cm−2, accompanied by a strong positive
magnetoresistance at low magnetic fields. The positive magnetoresistance decreases with
increasing density and disappears at p = 12.2 × 1011 cm−2. This observation is similar to
the positive magnetoresistance observed in Si [148], GaAs [149] and AlAs [124] 2DESs,
and is associated with magnetic field induced spin-polarization.
At low magnetic fields, the Zeeman splitting induces a density imbalance between
the spin-↑ and spin-↓ subbands and leads to a spin-polarization of the system. When this
splitting exceeds the Fermi energy, the 2DES is fully spin-polarized. Assuming the effective
g-factor is independent of the magnetic field, the Fermi energy (EF) at full spin-polarization
can be written as
EF = |g
∗ |µBBp (5.1)
where Bp is the magnetic field at full spin-polarization. Using the 2DES density of states
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Figure 5.13: (a) Rxx vs B in trilayer WSe2 LD187 at various density values (shown in units of
1011 cm−2) and T = 1.5 K. The dashed lines for the trace at p = 3.8 × 1011 cm−2 mark the field Bp
above which the holes are fully spin-polarized. (b) Bp vs p in two trilayer WSe2 samples, LD187
and LD205, at T = 1.5 K.
Equation 5.2 provides a way to determine |g∗ | vs p from measurements of the polar-
ization field. The positive magnetoresistance up to Bp is attributed to changes in the spin-↑
and spin-↓ subband populations and the resulting changes in mobility and intersubband
scattering [187, 188]. The functional form of the magnetoresistance changes for B > Bp
where the spins are fully polarized [149]. A Bp value can therefore be assigned to each of
the traces of Fig. 5.13(a) by linearly extrapolating the two regions of distinct magnetoresis-
tance variation vs B, shown for example at p = 3.8 × 1011 cm−2. Figure 5.13(b) shows the
extracted Bp vs p for two trilayer samples, LD187 and LD205, at T = 1.5 K. The value of
Bp decreases with reducing density.
Figure 5.14(a) shows |g∗ | vs rs extracted from the Bp data of Fig. 5.13(b) using
Eqs. 5.2 and 4.9.1 For comparison, the quantum Monte Carlo (QMC) calculation for
gb = 6.8 in the two-fold degenerate Landau level model is shown as a solid line. It is
noteworthy that the |g∗ | enhancement in trilayer WSe2 closely follows the QMC calculation
for the same gb value extracted from the monolayer and bilayer WSe2 data of Chapter 4
[Fig. 4.15]. Values of rs up to 15 are achievable in trilayer WSe2.
Theoretically, a ferromagnetic ground state, i.e., Bp = 0 is expected below a criti-
1The error bars in Fig. 5.14 correspond to an rs uncertainty stemming from the uncertainty in the effective
dielectric constant, κ, used to convert the density into rs . The two extreme cases correspond to either the same
dielectric constant used for bilayer WSe2 from Chapter 4, i.e., κ = [κ(h-BN, h-BN) + κ(h-BN,WSe2)]/2 or
an h-BN top dielectric and WSe2 bottom dielectric, i.e., κ = κ(h-BN,WSe2).
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Figure 5.14: (a) |g∗ | vs rs calculated from the Bp data of Fig. 5.13(b) assuming all the Landau levels
are two-fold degenerate at low B-fields. The solid line shows the QMC calculation for gb = 6.8. (b)
Bp vs rs corresponding to Fig. 5.13(b) data match well with the QMC calculation for gb = 6.8. The
error bars in panels (a) and (b) correspond to an rs uncertainty stemming from the uncertainty in the
dielectric constant used to convert the density into rs.
cal density in a 2DES, driven by electron-electron interactions [17, Fig. 1.2]. The data of
Fig. 5.13(b) show a trend of Bp starting to flattenwith reducing density for p < 5×1011 cm−2.
The variation of Bp with density can be modeled by QMC calculations to determine the den-
sity at which the 2DES becomes ferromagnetic. The Bp value is determined by evaluating
the magnetic field at which the total energy, including many-body exchange and correlation
energies [21] of a spin-polarized 2DES is minimized, as described in Ref. [189].
Figure 5.14(b) shows Bp vs rs corresponding to Fig. 5.13(b) data and the QMC
calculation for gb = 6.8. The data match closely with the QMC calculation, which predicts
a ferromagnetic ground state at rs ' 26, attained at a density value inaccessible in the
current samples.
5.8 Summary
In summary, magnetotransport measurements of holes in trilayer WSe2 reveal holes
populating two subbands located in the Γ and K valleys, with different effective masses
of 1.2me and 0.5me, respectively. At a fixed hole density, an applied transverse electric
field can transfer holes from the Γ to the K valley. This observation is substantiated by
ab initio calculations of the bandstructure which show an electric field dependent Γ − K
valley-splitting, stemming from the different orbital characteristics of the Γ and K subbands.
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At low-densities, the magnetoresistance data show a signature of magnetic field
induced spin-polarization from which an interaction-enhanced, effective g-factor is ex-
tracted. Both the g-factor and polarization field data closely match quantum Monte Carlo




The WSe2 magnetotransport data presented in this dissertation reveal several inter-
esting electronic transport properties of holes inWSe2. The key findings can be summarized
as follows:
• Ohmic WSe2 hole contacts down to 0.3 K using Pt bottom-electrodes [Chapter 2]
• Hole mobilities approaching 4000 cm2/Vs at low-temperatures [Chapter 2]
• Two-fold degenerate Landau levels in monolayer and bilayer WSe2 [Chapter 3]
• Hole effective mass of 0.45me in monolayer and bilayer WSe2 [Chapter 3]
• Carrier localization in the constituent layers of bilayer WSe2 [Chapter 3]
• Weak interlayer coupling < 3.4 meV in bilayer WSe2 [Chapter 3]
• Negative compressibility of holes in the bottom layer of bilayer WSe2 [Chapter 3]
• Density-dependent quantum Hall states in monolayer and bilayer WSe2 [Chapter 4]
• Hole-spin-locking perpendicular to themonolayer and bilayerWSe2 plane [Chapter 4]
• Transverse E-field independent QHS in monolayer and bilayer WSe2 [Chapter 4]
• Interaction-enhancement of monolayer and bilayer WSe2 hole g-factors [Chapter 4]
• Population of trilayer WSe2 holes in both the Γ and K valleys [Chapter 5]
• Trilayer WSe2 hole effective mass of 0.5me (1.2me) in the K (Γ) valley [Chapter 5]
• Transverse E-field-tunable Γ − K valley populations in trilayer WSe2 [Chapter 5]
• Trilayer WSe2 holes in the Γ (K) valley at low (high) E-field values [Chapter 5]
• Interaction-enhancement of trilayer WSe2 hole g-factor [Chapter 5]
A question to ask is what advantages these WSe2 transport properties offer for dis-
covering new quantum electronic phenomena, and in harnessing them for future electronic
devices. The following sections outline the appeal of WSe2, and semiconducting TMDs in
general, as a platform for exploring electron-electron interaction effects, and finally provide
possible directions for future work in the theme of this dissertation.
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6.1 Appeal of TMDs for Exploring Interaction Effects
It is instructive to appraise the findings of this dissertation in the context of electron-
electron interactions, and benchmark the TMD material system against existing 2DESs.
At a given carrier density, the interaction parameter, rs, which determines the strength of
electron-electron interactions in a 2DES, depends only on the effective mass of carriers
(m∗), and the effective dielectric constant (κ) of the medium surrounding the 2DES. These
two parameters in the case of TMDs are (i) large carrier effective mass, and (ii) low effective
dielectric constant of the h-BN dielectrics which are typically used to encapsulate them,
which result in large rs values even at moderate carrier density values. For comparison,













































Figure 6.1: rs vs carrier density for various 2DESs. The rs values are calculated for GaAs electrons
using m∗ = 0.067me, κ = 12.9, GaAs holes using m∗ = 0.4me, κ = 12.9, AlAs electrons using
m∗ = 0.2me, κ = 10.1 [157], ZnO electrons using m∗ = 0.3me, κ = 8.5 [190], monolayer graphene
using vF = 106 m/s, κ = 4.6, bilayer graphene using m∗ = 0.05me, κ = 4.6 [191], WSe2 K valley
holes using m∗ = 0.45me, κ = 4.6 [Chapter 4], WSe2 Γ valley holes using m∗ = 1.2me, κ = 7.3
[Chapter 5], and MoSe2 K valley electrons using m∗ = 0.8me, κ = 4.6 [94].
Reaching the large rs regime in the most commonly studied 2DES, GaAs electrons,
requires access to very low densities due to the small electron effective mass, m∗ = 0.067me.
Larger effective mass 2DESs such as AlAs electrons with an m∗ = 0.2me, and GaAs holes
with an m∗ = 0.4me yield substantially larger rs values in the same density range.1 A
1Both AlAs electrons and GaAs holes can occupy one or more of multiple valleys, with the exact effective
mass depending on the valley(s) occupied. The values used here are under the assumption that only one valley
with the specified effective mass is populated.
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more recent 2DES based on zinc oxide (ZnO) electrons with an m∗ = 0.3me also results
in similar rs values. A common feature of these 2DES host materials is their dielectric
constant values, which lie in the range of κ ∼ 8 − 13.
On the other hand, the low effective dielectric constant, κ = 4.6, for 2DESs based
on TMD monolayers encapsulated in h-BN,2 combined with their large carrier effective
masses yield significantly larger rs values at a given density compared to traditional 3D
semiconductor 2DESs. Among WSe2 K valley holes and MoSe2 K valley electrons, the
latter with an m∗ = 0.8me possess larger rs values. Trilayer WSe2 Γ valley holes with an
m∗ = 1.2me are also attractive despite their higher effective dielectric constant, κ = 7.3,
stemming from the 2DES residing in thicker WSe2 with higher dielectric constants.3
Figure 6.1 also shows the rs values for monolayer and bilayer graphene 2DESs
encapsulated in h-BN. The case of monolayer graphene is peculiar due to its Dirac band-
structure with massless quasiparticles which results in a constant rs = e2/(2κε0hvF) ' 0.5,
independent of the density [4]; e is the electron charge, h is the Planck constant, and
vF ' 106 m/s is the Fermi velocity of graphene. Electron-electron interactions in monolayer
graphene are therefore different, and weaker in comparison to conventional 2DESs with
massive carriers. The electronic state in monolayer graphene close to the Dirac point, i.e.,
at low-densities, is a Dirac liquid as opposed to a Fermi liquid at a finite chemical potential,
and in conventional 2DESs with massive quasiparticles [191].
Bilayer graphene, however, is analogous to conventional 2DESs due to its parabolic
bandstructure and massive carriers with an m∗ = 0.05me [191], which result in an rs which
increases with decreasing density. The small m∗ value, however, necessitates low-densities
to access the large rs regime. Few-layer graphene has been shown to be more conducive for
obtaining large rs values, thanks to its larger density of states, especially at low-densities
[192].
In comparison to 2DESs based on large effective mass 3D semiconductors, the merit
of TMDs lies in the ability to reduce their thicknesses down to a monolayer, and encapsulate
the 2DES in a low dielectric constant environment such as h-BN. This advantage is however
diminished if the TMD 2DES is several layers thick, in which case their large dielectric
constants [193] would screen interactions, and lower the achievable rs values. Therefore,
monolayer or few-layer TMD 2DESs are best suited to harness the large effective mass
advantage offered by TMDs.
2For a monolayer TMD encapsulated in h-BN, κ = κ(h-BN, h-BN) = 4.6 [Chapter 4].
3For trilayer WSe2 Γ valley holes, a κ value of κ = κ(h-BN,WSe2) = 7.3 is used [Chapter 4].
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A more intricate difference between interaction effects in TMDs and large effective
mass 2DESs such as AlAs electrons and GaAs holes has to do with the bandstructure
anisotropies of the latter. It is believed that the effective electron-electron interactions in
materials with anisotropic bandstructures are reduced [194, 195]. It has to be noted that
TMDs are also expected to possess a certain degree of bandstructure anisotropy due to
trigonal warping [196], which is however expected to be negligible, especially at low Fermi
energies.
Disorder is an equally, if not more, important aspect which determines interaction
effects in 2DESs. Manifestation of interaction effects requires low-disorder, otherwise the
2DES become insulating as the density is reduced due to carrier localization. The carrier
mobility is the main metric of the degree of disorder, and therefore, of the potential for
observing interaction effects in a 2DES. Figure 6.2 shows the low-temperature mobility vs
carrier density for the 2DESs of Fig. 6.1. The mobility values for the TMDs are several
orders of magnitude lower, and correspondingly, the lowest achievable densities several
orders of magnitude higher than the state-of-the-art values for traditional 2DESs.
At low-temperatures, the mobility of a 2DES is predominantly determined by
charged impurity scattering due to intrinsic defects and dopants, and/or extrinsic impu-
rities in proximity of the 2DES. Charged impurity scattering is responsible for the trend
of mobility decreasing with reducing density for nearly all the 2DESs in Fig. 6.2. The
extremely high-mobilities in state-of-the-art GaAs, AlAs, and ZnO 2DESs can be attributed
to the material quality, thanks to advances in the MBE techniques used for their growth
[190, 198].
Graphene 2DESs also exhibit high intrinsic mobilities, thanks to the low defect
densities in the natural graphite crystals from which the graphene flakes are isolated. In
contrast, the substantially lower intrinsic mobilities in TMDs can be attributed to their
high propensity for structural defects [204]. Improving the mobilities through refinements
in synthesis techniques would provide access to lower densities where TMDs are very
promising for exploring interaction effects.
6.2 Prospects for Future Work
There does not seem to be a dearth of research directions in the field of TMDs’
electronic properties, in light of its recency. This section provides a few prospects for future
work, in the context of this dissertation.
A straightforward direction for future research would be to study magnetotransport





























































Figure 6.2: Low-temperature mobility vs carrier density for various 2DESs. The data points are
sampled from Refs. [197, 198] for GaAs electrons, Ref. [199] for GaAs holes, Ref. [200] for AlAs
electrons, Ref. [190] for ZnO electrons, Ref. [201] for monolayer graphene, Ref. [202] for bilayer
graphene, Chapters 3, 5 data for WSe2 K valley holes, Ref. [147] and Chapter 5 data for WSe2 Γ
valley holes, and Ref. [94] for MoSe2 K valley holes. The shaded bands are a guide to the eye.
Adapted, in part, from Ref. [203].
to the discovery of several interesting quantum electronic phenomena, thanks largely to
improvements in sample quality [198]. The low-temperature hole mobilities in WSe2 are
believed to be limited by intrinsic point defects with a defect density of ∼ 1012 cm−2 in
monolayer WSe2 [65]. Synthesizing the bulk crystals using a flux growth technique [205]
is expected to yield flakes with lower point defects than the commonly used chemical vapor
transport method [206].
With access to higher quality material, the reduction of extrinsic disorder is required
in parallel, in order to utilize the gains offered by lower intrinsic disorder. Cleaner sample
fabrication techniques would ensure that the intrinsic mobility gains are preserved. One
possibility is to suspend the WSe2 layer, which can potentially eliminate extrinsic disorder,
similar to the case of suspended graphene [207]. An added advantage of suspending the
TMD layer is a reduction of the effective dielectric constant to its lowest possible value,
κ = 1, and therefore, access to larger rs values. However, suspended films have limits on the
maximum attainable densities [207], which could severely limit the performance of TMDs’
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electrical contacts.
A second direction could be to explore electronic phenomena which are unique to
the TMD material system, for instance, the spin (valley) Hall effect. Figure 6.3(a) shows
a schematic of the spin (valley) Hall effect in a TMD layer. When moving under the
influence of an in-plane electric field, carriers in the K and K′ valleys experience opposite
magnetic moments which deflect them in opposite directions transverse to the current flow
direction, leading to a spin (valley) polarization on the sample edges [143]. The valley
magnetic moment arises due to the Berry curvature of the bandstructure, thanks to the large










Figure 6.3: (a) Schematic of the spin (valley) Hall effect in a TMD. Carriers in the K and K ′ valleys
experience opposite valley magnetic moments which leads to a spin (valley) polarization on the
sample edges. Carriers in the Γ valley do not experience such an effect. Adapted, in part, from
Ref. [143]. (b) Schematic of a TMD double layer heterostructure comprising hole-doped monolayer
WSe2 and electron-doped monolayer MoSe2, separated by three monolayers of h-BN, which can
host indirect excitons.
The spin (valley) Hall effect has been observed in monolayer MoS2 using optical
techniques to detect the spin (valley) accumulation along the sample edges [181]. Direct
electrical detection of the spin (valley) Hall effect can be done using non-local resistance
measurements [208], which can be performed using the device structure presented in this
dissertation. Furthermore, the spin (valley) Hall effect is expected to be absent for carriers
in the Γ valley [Fig. 6.3(a)] due to the vanishing Berry curvature at the Γ point [143]. Given
the ability to transfer holes between the Γ and K valleys in trilayer WSe2 using a transverse
electric field, it can be used as an effective knob to tune the spin transport properties in
trilayer WSe2.
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A third research direction could be to fabricate TMDheterostructure devices to study
interactions between carriers residing in different layers, and how they impact electrical
transport in the z-direction. Optical measurements of an MoS2/WSe2 double monolayer
heterostructure have revealed signatures of strong coupling between the MoS2 electrons
and WSe2 holes, which form indirect excitons [209]. Theory predicts that under certain
conditions, such indirect excitons can form spontaneously without the need for optical
excitation, and interestingly, can condense into a Bose–Einstein condensate (BEC) [210,
211]. Figure 6.3(b) shows the schematic of a TMD double layer structure comprising
monolayer WSe2 and monolayer MoSe2, separated by three monolayers of h-BN, which
can potentially host such a BEC.
Bose–Einstein condensates have been experimentally realized in double layer GaAs
2DESs, and form only at very low-temperatures and in high magnetic fields [212]. In
comparison, theoretical calculations for TMD double layers predict BECs to form even in
the absence of a magnetic field, and at temperatures up to room temperature [211]. The
difference between the two systems can be attributed to the ability to bring the electron and
hole layers in much closer proximity in TMD double layers than in GaAs, and the stronger
interactions in TMDs, in general. A TMD double layer structure with independent layer
contacts would be needed to experimentally investigate the existence of a BEC, typically
through interlayer tunneling [213] or counterflow measurements [214, 215].
A device concept which utilizes the unique interlayer tunneling characteristics of
such a double layer system for performing binary logic operations is the bilayer pseudospin
field-effect transistor (BiSFET) [216], first proposed for a graphene double layer system.
Although there is no experimental realization, to date, of a BiSFET operating at room
temperature, recent experiments in double bilayer graphene heterostructures separated by a
bilayer WSe2 barrier have shown evidence of a BEC forming at low-temperatures [217].
6.3 Concluding Remarks
In conclusion, the findings of this dissertation shed some light on the electronic
transport properties of holes in WSe2. The nascence of the TMDmaterial system combined
with the rich assortment of TMDs leaves almost an entirety yet to be explored. It is hoped
that themagnetotransport studies ofWSe2 holes presented in this dissertation prompt further







Table A.1 lists the WSe2 samples whose data is discussed in this dissertation. The
capacitance values marked by a † are estimated based on the top-gate h-BN thickness,
measured using atomic force microscopy, and an h-BN out-of-plane effective dielectric
constant of 3.0 [Appendix C]. Values marked by a ‡ are estimated for a 300 nm SiO2
back-gate dielectric, and an SiO2 effective dielectric constant of 3.9 [82]. The unmarked
capacitance values are obtained fromgate-dependent SdHoscillationsmeasurements, and/or
Hall measurements.
Table A.1: List of WSe2 samples whose data is discussed in this dissertation. The scale bars for the
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2The density values were determined using the SdH oscillations’ Rxx minima only at a few combinations
of VTG and VBG. The CTG and CBG values are therefore unknown.
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This Appendix describes the techniques used for fabrication of the WSe2 devices
whose data is discussed in this dissertation. The fabrication was performed at the Micro-
electronics Research Center in the University of Texas at Austin.
B.1 Micromechanical Cleavage
Micromechanical cleavage, or mechanical exfoliation is the technique used to obtain
few-layer thick flakes of layered materials from their bulk crystal forms, famously demon-
strated using Scotch™ Tape for synthesizing monolayer graphene from graphite [7]. A
modified version of this technique was used for isolating the few-layer WSe2 flakes and
h-BN flakes used in this dissertation.
Figure B.1 shows the exfoliation process starting with bulk 2H-WSe2 crystals. The
WSe2 crystals purchased from HQ Graphene (www.hqgraphene.com) were synthesized
using the chemical vapor transport technique [206] and appear as polycrystalline centimeter-
sized chunks, 1−2mm thick, as shown in Fig. B.1(a). A∼ 5mmpiece was cleaved from the
bulk crystal using tweezers and placed on a piece of cleanroom tape (UltraTape® 1114/0114
from www.cleanroomtape.com). The tape was then repeatedly attached and peeled-off
from the WSe2 crystal until a substantial portion of the tape was covered in thinner WSe2
cyrstals, as shown in Fig. B.1(b).
The tape was then placed face-down on a polydimethylsiloxane (PDMS) film in
a Gel-Pak® box (Medium Tack Gel X4 from www.gelpak.com) and rapidly peeled-off
to transfer some of the WSe2 crystals onto the PDMS film, as shown in Fig. B.1(c).
Subsequently, a 1 cm × 1 cm SiO2/Si substrate with 300 nm of thermally grown SiO2 was
affixed onto the WSe2 crystals on the PDMS film, as shown in Fig. B.1(d). The substrate
was then rapidly peeled-off from the PDMS which resulted in a few WSe2 flakes being
transferred onto the SiO2 surface, as shown in Fig. B.1(e). Using the intermediary step of
transferring the WSe2 flakes from the UltraTape® onto PDMS was found to increase the
yield of few-layer WSe2 flakes, as opposed to directly affixing the SiO2/Si substrate on the











FigureB.1: (a)A typical bulk 2H-WSe2 crystal. (b) BulkWSe2 crystals transferred ontoUltraTape®.
(c) Bulk WSe2 crystals transferred from UltraTape® onto PDMS in a Gel-Pak® box. (d) A 300 nm
SiO2/Si substrate affixed on the WSe2 crystals on PDMS. (e) The SiO2/Si substrate from panel (d)
after peeling-off from the PDMS. (f) A typical WSe2 flake with monolayer, bilayer, and bulk regions.
The choice of substrates with a 300 nm SiO2 layer on top is to maximize the optical
contrast of few-layer flakes [218, 219], which enables their identification under an optical
microscope. Figure B.1(f) shows the optical micrograph of a typical WSe2 flake comprising
monolayer, bilayer, and bulk (> 5 layers) regions, apparent by their distinct optical contrast
with respect to the substrate. In addition to optical contrast and photoluminescence (PL)
spectra which are a strong function of number-of-layers for few-layer flakes [Fig. 1.6(b)],
the Raman spectra also show features dependent on the number-of-layers, which aid in their
identification.
Figure B.2(a) shows the optical micrograph of a WSe2 flake comprising monolayer
to four-layer thick regions, and Fig. B.2(b) shows their corresponding room temperature
Raman spectra obtained using 532 nm laser excitation. The peak near 250 cm−1 is called the
A1g peak and corresponds to the out-of-plane vibrations of the selenium (Se) atoms [220].
The peak adjacent to A1g is labeled 2LA(M), whose position and intensity with respect to
the A1g peak vary strongly with the number-of-layers. The peak near 308 cm−1 is called
the B12g peak, and is present in all WSe2 flakes except in monolayers [221]. The precise
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positions, intensities, and presence or absence of these peaks, in combination with optical
contrast and PL spectra enable unambiguous identification of the number-of-layers in the
limit of monolayer to four-layer WSe2. The peak at 520 cm−1 is from the Si substrate.
(a) (b)











































Figure B.2: (a) Optical micrograph of aWSe2 flake comprisingmonolayer to four-layer thick regions.
(b) Room temperature Raman spectra of WSe2 flakes of various number-of-layers obtained using
532 nm laser excitation. The characteristic WSe2 Raman peaks and the Si Raman peak are labeled.
The individual spectra are normalized to the A1g peak intensity and are offset for clarity.
The same exfoliation technique of Fig. B.1 was used to exfoliate the 10−30 nm thick
top-gate and bottom-gate h-BN dielectrics. The starting material was bulk h-BN crystallites
provided by T. Taniguchi and K. Watanabe, synthesized using the growth method described
in Ref. [222]. The h-BN flake thicknesses were measured using tapping mode atomic
force microscopy (AFM) and flakes free from wrinkles and thickness non-uniformities
were chosen. Figure B.3 shows optical micrographs of typical h-BN flakes of thicknesses
ranging from 10 − 30 nm.
B.2 “Pick and Place” Assembly
Deterministic flake transfer has been the mainstay behind fabrication of van der
Waals (vdW) heterostructures and devices. Starting with early wet transfer techniques
[223, 224], layered material transfer has evolved into cleaner and more versatile dry transfer
techniques [37, 78, 79, 225]. The transfer technique used in this dissertation is based on the
“pick and place” assembly technique of Refs. [78] and [79].
The transfer technique relies on the temperature-dependent adhesion of layered
material flakes to thermoplastic polymers such as poly(propylene carbonate) (PPC). If the
110
(a) (b) (c)
20 μm 20 μm 20 μm
Figure B.3: Optical micrographs of typical exfoliated h-BN flakes on 300 nm SiO2/Si substrates.
The flake thicknesses are (a) 13 nm (b) 24 nm (c) 35 nm.
adhesion is tuned to be higher than the vdW attraction between the flake and the SiO2
substrate, the flake gets “picked-up” by the polymer on making contact with the flake.
This flake can then be used to sequentially pick up other flakes, thanks to the higher vdW
attraction between layered material flakes compared to the flakes and SiO2 [78]. Finally, the
stack of flakes can be released, or “placed” on SiO2 by heating the polymer to a temperature
where its adhesion is lower than the adhesion between the flakes and SiO2. Examples of
such thermoplastic polymers include PPC [78], poly(bisphenol A carbonate) [226], and
poly(methyl methacrylate) (PMMA) [227].
The polymer is typically coated onto a PDMS stamp which is attached to a glass
coverslip for structural support. A modification of this “pick and place” technique, intro-
duced by Ref. [79], was used to assemble the h-BN/WSe2 stacks in this dissertation. It
involved the addition of a hemispherical bulb-like PDMS handle on the planar PDMS stamp
to constrain the contact area to only the handle, and enable selective flake “pick-up” with
higher spatial resolution. Figure B.4(a) shows the schematics and corresponding optical
micrographs of the modified “pick and place” process, demonstrated on an h-BN flake.
Figure B.4(b) shows the PDMS hemispherical handle substrate on a glass coverslip. The
“pick and place” process was performed on a probe station (Cascade Summit 11000 B)
equipped with a temperature-controlled chuck and a micromanipulator retrofitted with a
vacuum arm to hold the PDMS stamp, as shown in Fig. B.4(c).
The PDMS stamps were prepared from commercially available SYLGARD® 184
(www.sigmaaldrich.com) silicone elastomer which was cast into 1 − 3 mm thick films
and cut into 5× 5 mm pieces. Each PDMS stamp was affixed onto a glass coverslip and the
hemispherical handle drop-cast on the planar stamp using a liquid PMDS droplet from a
syringe which was then rapidly cured at 180 ◦C for 5 min to minimize lateral diffusion of the














Figure B.4: (a) Schematics and corresponding optical micrographs of the PDMS/PPC hemispher-
ical handle substrate and the flake “pick-up” process. Adapted from Ref. [79]. (b) A PDMS
hemispherical handle substrate stamp supported on a glass coverslip. Inset: schematic of the PDMS
hemispherical handle. (c) A retrofitted micromanipulator holding the PDMS/PPC stamp under an
optical microscope on a probe station. The SiO2/Si substrate is on a temperature-controlled chuck.
was dissolved in anisole to prepare a 15%wt/wt solution for spin-coating. The PPC solution
was spin-coated at 3000 rpm for 1 min onto the PDMS stamps and subsequently baked at
180 ◦C for 3 min to remove the remaining solvent and improve the adhesion of the PPC
layer to the PDMS stamp.
Figure B.5 shows the optical micrographs of a typical “pick and place” process for
placing Flake 1 (monolayer MoS2) [Fig. B.5(a)]on Flake 2 (monolayer WSe2) [Fig. B.5(b)],
which proceeds as follows. The SiO2/Si substrate with Flake 1 is heated to 45 ◦C, and a
PPC coated PDMS stamp brought into contact with Flake 1, and held for 15 s. The stamp
is then rapidly raised from the substrate, which results in Flake 1 being attached to the
PPC, as shown in Fig. B.5(c). The stamp is then aligned with Flake 2 by looking through
the transparent PDMS/PPC stamp using the probe station microscope. The stamp is then
lowered onto Flake 2 and the substrate heated to 90 ◦C which causes the PPC to lose its
adhesion. After waiting for 1 min at 90 ◦C, the stamp is slowly raised, which causes Flake 1
to detach from the PPC and stay on Flake 2 on the SiO2/Si substrate, as shown in Fig. B.5(d).
The substrate is finally rinsed in acetone and isopropanol (IPA) to remove any remaining
PPC residues. The PPC layer on the PDMS stamp is peeled off manually using tweezers
and the stamp rinsed in acetone and IPA, after which it can be used again.
The “pick and place” process of Fig. B.5 is applicable to virtually all TMDs and
h-BN flakes, and can be extended to assemble multiple flakes on top of each other before
112
(a) (b) (c) (d)
Flake 1 Pick up
Flake 1
Flake 2 Place on 
Flake 2
Figure B.5: Optical micrographs of a typical “pick and place” process where Flake 1 (monolayer
MoS2) is placed on Flake 2 (monolayer WSe2). (a) Optical micrograph of Flake 1 and (b) Flake 2 on
300 nm SiO2/Si substrates. (c) Flake 1 on PPC/PDMS after being “picked-up.” (d) Flake 1 “placed”
on Flake 2. The scale bars are 10 µm.
releasing the resulting heterostructure on the final substrate of choice. Annealing the flakes
in vacuum (340 ◦C for 8 h at 10−7 Torr) prior to “pick-up” was found to increase the “pick-
up” yield to nearly 100%. Annealing was also found to help reduce organic contaminants
which get trapped between the flakes and result in contamination bubbles at the interfaces
[228].
B.3 Microfabrication
This section describes the microfabrication techniques used to fabricate the WSe2
devices of this dissertation. The process parameters are provided where applicable and can
be adapted to suit equivalent process equipment as needed.
The startingSiwaferswere degenerately-doped, 4′′ n+wafers (<001>, < 0.005Ω·cm,
single side polished, from www.addisonengineering.com). The wafers were cleaned in
a standard piranha bath and oxidized at 1050 ◦C in an oxygen ambient to grow a 300 nm
SiO2 layer. The wafers were then cleaved into 1×1 cm chips which were used for exfoliation
and device fabrication. A piranha clean followed by a 180 ◦C, 2 min dehydration bake prior
to exfoliation was found to increase the yield of few-layer flakes of both WSe2 and h-BN.
Figure B.6 shows optical micrographs of the process flow used for fabricating the
Si/SiO2 back-gated, Pd/h-BN top-gated WSe2 FET samples of Chapter 2. First, WSe2
flakes were exfoliated and a suitable flake was chosen, as shown in Fig. B.6(a). On
a separate SiO2/Si substrate with prepatterned alignment markers1, Pt bottom-electrodes
1The alignment markers are 200 µm apart in an xy-grid and are needed for alignment during electron-beam
lithography. The alignment marker grid was patterned using optical lithography followed by electron-beam
metal evaporation of 5 nm Cr/25 nm Pt, and lift-off.
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were patterned using electron-beam lithography (EBL) and electron-beammetal evaporation
(EBME) of Cr/Pt (2 nm/10 nm) electrodes, followed by lift-off [Fig. B.6(b)]. The substrate
with Pt electrodes was then annealed in vacuum (340 ◦C for 8 h at 10−7 Torr) to remove EBL
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Figure B.6: Optical micrographs of the fabrication process flow for LD55, an Si/SiO2 back-gated,
Pd/h-BN top-gated WSe2 FET sample. (a) Exfoliated trilayer WSe2 flake. (b) Pt bottom-electrodes.
(c) h-BN/WSe2 stack on PDMS/PPC. (d) h-BN/WSe2 transferred onto the Pt bottom-electrodes.
The WSe2 flake is outlined by a white dashed line. (e) Finished device with Pd top-gate electrode.
The scale bars are 10 µm.
On a separate substrate, a suitable h-BN flake was exfoliated and “picked-up” using
a PPC/PDMS stamp. The WSe2 flake was then “picked-up” using the h-BN flake to result
in an h-BN/WSe2 stack on PPC/PDMS, as shown in Fig. B.6(c). The h-BN/WSe2 stack was
then aligned to the Pt bottom-electrodes and “placed” on them, as shown in Fig. B.6(d). The
substrate was then annealed yet again (340 ◦C for 8 h at 10−7 Torr) to improve the physical
contact between the Pt electrodes and WSe2. It is to be noted that the annealing steps
were not found to cause any measurable degradation in the WSe2 electrical quality, whether
it be exposed WSe2, or covered with h-BN. A local Pd top-gate electrode was patterned
to cover the WSe2 flake area using EBL, EBME, and lift-off, as shown in Fig. B.6(e).
Finally, the contact and gate electrodes were connected to bond pads (typically Cr/Au -
5 nm/50 − 100 nm) which were patterned using EBL, EBME, and lift-off.
The process steps for EBL were as follows:
1. Spin-coat the sample with PMMA (950PMMA 4% in anisole from www.microchem.
com) at 3000 rpm for 45 s, and bake at 180 ◦C for 15 s.
2. Expose the pattern at a 20 kV electron-beam accelerating voltage and a dose of
350 − 380 µC/cm2.
3. Develop in a 1 : 3 solution of methyl isobutyl ketone (MIBK) : IPA for 30 s followed
by an IPA rinse for 30 s, and blow-dry.
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The EBL exposures on top of, or in proximity of theWSe2 channel were performed at
the lowest possible electron-beam current (typically < 50 pA) in order to minimize electron-
beam induced heating and damage to the WSe2 channel [229]. The Cr/Pt deposition was
done at a base pressure < 10−5 Torr and the deposition rate was kept below 0.5 Å/s to obtain
smooth films. Care was taken to ensure that the chamber temperature stayed below 60 ◦C,
in order to prevent PMMA reflow. Lift-off was performed in an acetone bath for 2 − 3 h,
and the residual metal films were detached from the substrate by gently spraying acetone
from a squirt bottle when they did not delaminate by themselves.
The h-BN encapsulated WSe2 Hall bar samples were fabricated using the same
essential process steps described above, but with the following modifications. Figure B.7
shows select optical micrographs of the process flow used for fabricating the Si/SiO2/h-BN
back-gated, Pd/h-BN top-gated WSe2 Hall bar samples. First, h-BN flakes were exfoliated
and a suitable flake chosen as the substrate, as shown in Fig. B.7(a). Platinum bottom-
electrodes were patterned in a Hall bar geometry on the h-BN flake using EBL, EBME, and
lift-off, as shown in Fig. B.7(b). The substrate was then annealed and thick metal extensions
(Cr/Ni/Pd - 5 nm/50 nm/10 nm) were patterned using EBL, EBME, and lift-off, as shown
in Fig. B.7(c). The role of these extensions was twofold: to provide electrical continuity
at the h-BN edge, where the Pt lines, being usually thinner than the h-BN flake, were
usually disconnected, and to anchor the h-BN flake in place during further processing. The
subsequent steps to finish device fabrication involved assembly of an h-BN/WSe2 stack,
placing it on the Pt electrodes, as shown in Fig. B.7(d), and finally patterning a top-gate
electrode.
(a) (b) (c) (d)
Bottom h-BN Pt Top h-BN
WSe2
Figure B.7: Optical micrographs of the fabrication process flow for LD99B, an Si/SiO2/h-BN
back-gated, Pd/h-BN top-gated WSe2 Hall bar sample. (a) Exfoliated bottom h-BN flake. (b) Pt
electrodes on bottom h-BN. (c) Thick metal extensions to connect to the Pt electrodes, and also
anchor the bottom h-BN in place during further processing. (d) Finished device before patterning
the Pd top-gate. The WSe2 flake is outlined by a white dashed line. The scale bars are 10 µm.
Thin cracks in the PMMA between exposed features close to each other were a
common occurrence after developing in MIBK : IPA, which resulted in Pt slivers between
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adjacent metal electrodes after EBME, e.g., between the adjacent Hall probes in Fig. B.7(b).
These cracks were observed only for EBL on h-BN and are presumably due to electron-
beam induced stress at the PMMA/h-BN interface [230]. A majority of the slivers were
however found to break after subsequent anneals or transfers, e.g., Fig. B.7(d), and did not
impact device functionality. Samples with metal extensions were annealed in forming gas
(96% nitrogen + 4% hydrogen, 340 ◦C for 8 h at 1.5 Torr) to prevent agglomeration of the
metal when annealed in vacuum.
In situations where the Pt electrodes were found to be broken underneath the top-gate
h-BN, windows were etched in the h-BN to expose the Pt and deposit a second layer of thick
metal connection to the corresponding metal extension. The h-BN etch was performed in
a reactive-ion etching chamber using a tetrafluoromethane (CF4, 40 sccm) + O2 (10 sccm)
plasma at a radio frequency power of 75Wand a chamber pressure of 50mTorr. The typical
h-BN etch rate was ∼ 3 nm/s.
In cases where the Pd top-gate electrode was shorted to the Pt electrodes or metal
extensions due to EBL-induced cracks and consequent Pd slivers, or when the top-gate
electrode needed rework, the affected part of the Pd metal was selectively etched away in
potassium iodide + iodine (KI + I2; TFA etchant from www.transene.com) using PMMA
as the mask. The typical Pd etch rate was ' 4 nm/s.
The next iteration of WSe2 Hall bar samples used a Pt metal back-gate in place of
the n+ Si substrate. Figure B.8 shows select optical micrographs of the process flow used
for fabricating the Pt/h-BN back-gated WSe2 Hall bar samples. First, a Cr/Pt (2 nm/10 nm)
back-gate electrode was patterned on an SiO2/Si substrate using EBL, EBME, and lift-off,
as shown in Fig. B.8(a). The substrate was annealed in vacuum, and a suitable h-BN
flake was transferred on top of the Pt back-gate, as shown in Fig. B.8(b). Subsequently,
similar to the process flow of Fig. B.6, Pt bottom-electrodes were patterned on the h-BN
[Fig. B.8(c)], and a stack of h-BN/WSe2 was transferred onto the Pt electrodes, as shown
in Fig. B.8(d). Finally, a top-gate electrode and metal extensions were patterned to finish
the device fabrication.2
The final iteration of WSe2 Hall bar samples were fabricated using single crystal
graphite flakes as both the top- and back-gates. The graphite flakes were exfoliated from
natural graphite crystals (NGS Naturgraphit GmbH, www.graphit.de) using the same
exfoliation technique described in Section B.1. Figure B.9 shows select optical micrographs
of the process flow used for fabricating the graphite/h-BN back- and top-gated WSe2 Hall
bar samples. First, a 5 − 10 nm thick graphite flake was exfoliated on an SiO2/Si substrate,
2In LD123, the top-gate electrode and metal extensions of Cr/Au (2 nm/70 nm) were patterned together.
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(a) (b) (c) (d)
Pt back-gate Bottom h-BN Top h-BN
WSe2
Pt
Figure B.8: Optical micrographs of the fabrication process flow for LD123, a Pt/h-BN back-gated,
Au/h-BN top-gated WSe2 Hall bar sample. (a) Pt back-gate electrode on an SiO2/Si substrate. (b)
Bottom h-BN transferred onto the Pt back-gate. (c) Pt electrodes on bottom h-BN. (d) Finished
device before patterning the top-gate electrode and metal extensions. The WSe2 flake is outlined by
a white dashed line. The scale bars are 10 µm.
which serves as the back-gate electrode, as shown in Fig. B.9(a). A suitable bottom h-
BN flake was identified [Fig. B.9(b)], and transferred onto the graphite flake, as shown in
Fig. B.9(c). It was ensured that there were exposed regions of the graphite in order to make
an electrical contact to the back-gate. Platinum bottom-electrodes and metal extensions
were then patterned on the bottom h-BN substrate, as shown in Fig. B.9(d).








Figure B.9: Optical micrographs of the fabrication process flow for LD163, a graphite/h-BN back-
and top-gated WSe2 Hall bar sample. (a) Back-gate graphite flake on an SiO2/Si substrate. (b)
Bottom h-BN flake. (c) Bottom h-BN transferred onto the graphite back-gate. (d) Pt bottom-
electrodes and metal extensions patterned on the h-BN/graphite. (e) Top h-BN flake. (f) Top-gate
graphite flake. (g) Top-gate graphite transferred onto the top h-BN. (h) Finished device before
connecting the top-gate graphite to its metal extension. The WSe2 flake is outlined by a white
dashed line. The scale bars are 10 µm.
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On separate substrates, top h-BN and top-gate graphite flakes were identified, as
shown in Figs. B.9(e) and B.9(f), respectively. The top-gate graphite was transferred onto
the top h-BN, as shown in Fig. B.9(g).3 The graphite/h-BN stack was then used to “pick-up”
a suitable WSe2 flake, and the entire stack was transferred onto the Pt bottom-contacts, as
shown in Fig. B.9(e). Finally, the top-gate was connected to its metal extension. In situations
where the top-gate graphite made contact with the Pt electrodes, the metal extensions, or
the back-gate graphite, the affected regions were etched in an O2 plasma (100 W, 18 sccm,
200mTorr) using PMMA as the etch mask. The typical graphite etch rate was' 10 nm/min.
Apart from the aforementioned types of WSe2 samples, LD201 and LD205 used
WSe2 flakes which were etched prior to device fabrication. The remainder of the fabrication
process was unchanged. TheWSe2 was etched using the same chemistry used to etch h-BN,
i.e., a CF4 + O2 plasma. A 5 s plasma was sufficient to etch up to four-layers of WSe2.
3The “pick and place” technique of Section B.2 also works for graphite flakes.
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Appendix C
Out-of-Plane Effective Dielectric Constant of h-BN
The out-of-plane effective dielectric constant of h-BN (κ | |h-BN) was determined from
the top-gate capacitance (CTG) values obtained from gate-dependent SdH oscillations mea-
surements, and/or Hall measurements in the WSe2 Hall bar samples. The measured CTG






+ C−1Q + C
−1
int (C.1)
where the first term is the geometric capacitance of the h-BN top-gate dielectric of thickness
th-BN, CQ is the quantum capacitance of WSe2, and Cint is the interface capacitance due to
the vdW gap between the WSe2 and h-BN [60]. Therefore, the slope of C−1TG vs th-BN can
be used to extract κ | |h-BN. Figure C.1 shows C
−1
TG vs th-BN for various monolayer, bilayer, and
trilayer WSe2 samples. A linear fit to Fig. C.1 data yields κ | |h-BN = 3.0.




























Figure C.1: C−1TG vs th-BN for various monolayer, bilayer, and trilayer WSe2 samples. The CTG values
were obtained from gate-dependent SdH oscillations measurements, and/or Hall measurements. A





a In-plane lattice constant of a TMD
aB Bohr radius
a∗B Effective Bohr radius
A Cross sectional area of a Hall bar sample
Â, A Magnetic vector potential
α Valley Berry phase contribution to the valley g-factor in a TMD
B Magnetic field
B Magnetic field vector
B| | Parallel component of the magnetic field
B⊥ Perpendicular component of the magnetic field
Bp Magnetic field at full spin-polarization
~BSO Effective magnetic field due to spin–orbit interaction
c Speed of light
CBG Back-gate capacitance
Cint Interface capacitance due to the vdW gap between WSe2 and h-BN
CQ Quantum capacitance of WSe2
CTG Top-gate capacitance
d Transverse distance between the W atoms of two adjacent WSe2 layers
DLL Landau level degeneracy
Ds Spin-degeneracy
Dv Valley-degeneracy
D(E) 2D density of states
Dp(E) 2D density of states at full spin-polarization
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∆ Measure of the monolayer TMD energy gap
∆SO Spin–orbit interaction in WSe2
∆V Upper valence band energy of a monolayer TMD
∆g∗ Effective g-factor increment between consecutive QHS sequence transitions
∆Rxx Oscillatory part of the longitudinal resistance
∆V Voltage difference between voltage probes in a four-point measurement
e Electron charge
E Transverse electric field
E± Conduction (+) and valence (−) band energies of a monolayer TMD
Ec Cyclotron energy
Ecb Conduction band edge
EF Fermi level
Eg Electronic bandgap
EΓ Energy of the valence band maximum at the Γ point in WSe2
E0
Γ
Energy of the valence band maximum at Γ at zero transverse electric field in
trilayer WSe2
EK Energy of the valence band maxima at K and K′ in WSe2
EnLL Landau level energies
EnLL,± Conduction (+) and valence (−) band Landau levels of a monolayer TMD
EnLL,V Upper valence band Landau levels without Zeeman splitting in a monolayer
TMD
EτsnLL,V Upper valence band Landau levels with Zeeman splitting in a monolayer TMD
Evb Valence band edge
EZ Zeeman energy
E0Z Zeeman energy at the highest probed density in monolayer and bilayer WSe2
EZ,v Valley Zeeman contribution in a monolayer TMD
ε Dielectric constant
ε0 Vacuum permittivity
~ε c Crystal electric field
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E Eigenenergy
EC Average Coulomb energy per electron
EF Fermi energy
η Proportionality constant in the temperature-dependent power-law for phonon
limited mobility
f , f ′ Characteristic SdH oscillations’ peaks and/or their frequencies
Fe Electrostatic force
FL Lorentz force vector
φ Wavefunction component
φX Workfunction of material X
ΦSB Schottky barrier height
g Landé g-factor
g∗ Effective g-factor
g∗0 Effective hole g-factor in WSe2 at the highest density probed
gb Band g-factor







Gc Metal–insulator transition crossover conductivity
γ Exponent in the temperature-dependent power-law for phonon limited mobility
Γ Brillouin zone center
ΓD Impurity-scattering induced level broadening
h Planck constant
~ Reduced Planck constant
Ĥ Electron Hamiltonian
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H Hamiltonian for a monolayer TMD





ky Wavevector of a plane wave of y
K, K′ Hexagonal Brillouin zone corners
κ Effective dielectric constant
κ∗r Effective out-of-plane dielectric constant of WSe2 from DFT calculations
κ⊥X In-plane effective dielectric constant of material X
κ | |X Out-of-plane effective dielectric constant of material X
χ Spin susceptibility
χ0 Pauli susceptibility
χWSe2 Electron affinity of WSe2
lB Magnetic length
lz z-component of the angular momentum
L Channel length or sample length
Lx, Ly Sample dimensions in the x- and y-directions, respectively
λ Measure of spin-splitting in a monolayer TMD
m∗ Effective mass
m∗e Electron effective mass
m∗
Γ
Hole effective mass at Γ in trilayer WSe2 from DFT calculations
m∗h Hole effective mass
m∗K Hole effective mass at K in trilayer WSe2 from DFT calculations
m∗K,SdH Hole effective mass at K in trilayer WSe2 measured from SdH oscillations
mb Band effective mass
me Free electron mass
mK Hole effective mass at K in trilayer WSe2
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µ Carrier mobility
µ2pt Two-point field-effect mobility
µ4pt Four-point field-effect mobility
µB Bohr magneton
µc Mobility at metal–insulator transition crossover
µFE Field-effect mobility
µHall Hall mobility
µimp Impurity scattering limited mobility
µph Phonon scattering limited mobility
µq Quantum mobility
n Areal density of electrons
nDOS Density of states in a Landau level
nLL Landau level index
N Particle density per unit volume
N Number of squares in a sample
ν Filling factor
p Areal density of holes
p̂, p Canonical momentum operator
p↑ Density of spin-↑ holes
p↓ Density of spin-↓ holes
pc Metal–insulator transition crossover density
pK Occupation fraction of holes in the K valley in trilayer WSe2
r Electron position
〈r〉 Average distance between electrons
rs Interaction parameter
R0 Zero-field resistance of SdH oscillations’ oscillatory component
R4pt Four-point resistance
Rc Specific contact resistance
Rxx Longitudinal resistance
124
Rxy Transverse or Hall resistance
Rxy,B± Hall resistance in positive (+) or negative (−) magnetic field




tΓ Hopping integral between adjacent WSe2 layers’ Γ states
th Effective in-plane hopping integral for a monolayer TMD
th-BN Thickness of top-gate h-BN dielectric
tK Hopping integral between adjacent WSe2 layers’ K states
T Temperature
TBG Bloch–Grüneisen temperature
Tc Critical temperature at the transition between phonon scattering limited and
impurity scattering limited mobility regimes
TD Dingle temperature
TF Fermi temperature
τ Monolayer TMD bandstructure valley index; K (τ = +1) and K′ (τ = −1)
τq Quantum scattering lifetime
v Electron or hole velocity vector
vd Drift velocity
vF Fermi velocity
vph Phonon velocity in WSe2
VBG Back-gate bias








Vxx Longitudinal voltage drop in a Hall bar sample
W Channel width or sample width
ωc Cyclotron frequency
x Cartesian x-coordinate or direction
x0 Guiding center
ξ Thermal damping factor coefficient of SdH oscillations
y Cartesian y-coordinate or direction





2DES Two-Dimensional Electron System
3D Three-Dimensional
AFM Atomic Force Microscopy
ARPES Angle-Resolved Photoemission Spectroscopy
BEC Bose–Einstein Condensate
BiSFET Bilayer PseudoSpin Field-Effect Transistor
BG Back-Gate
DFT Density Functional Theory
DOS Density Of States
EBL Electron-Beam Lithography




h-BN Hexagonal Boron Nitride
IPA Isopropanol
LL Landau Level
MBE Molecular Beam Epitaxy
MIBK Methyl Isobutyl Ketone
MIT Metal–Insulator Transition
MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor






PPMS Physical Properties Measurement System
QHE Quantum Hall Effect
QHS Quantum Hall States





STS Scanning Tunneling Spectroscopy
TG Top-Gate
TMD Transition Metal Dichalcogenide
vdW van der Waals
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